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1.0 INTRODUCTION

a. GENERAL

Flying qualities can be defined as those qualities or characteristics of an aircraft that govern the ease
and precision with which a pilot is able to perform the tasks required in support of an aircraft role. Flying
qualities evaluations are conducted qualitatively via closed-loop testing and quantitatively via open-loop
testing. The objective of open-loop testing is system identification.

Aircraft system identification is a methodology by which a mathematical description of vehicle
dynamic characteristics are extracted from flight data. System identification and determining the associated
relationship to rotorcraft flying qualities have been a difficult task for the flight test community to accomplish.
Traditional handling qualities analysis techniques primarily involve time history analyses of vehicle response
to certain inputs such as steps, impulses, and doublets. Traditional analysis uses such parameters as rise time,
time constants, time-to-double/half amplitude, damped natural frequencies, and damping ratios. With the
advent of high bandwidth, highly-augmented, or even full-authority fly-by-wire rotorcraft, future flight control
system design, development, test, and evaluation require the use of more robust analysis tools. Frequency
response analysis techniques offer the required robustness. Additionally, handling qualities specifications for
future rotorcraft, specifically Aeronautical Design Standard (ADS)-33E (ref 1 & 2), have been derived from
frequency domain databases and require the determination of magnitude and phase bandwidth from the
frequency response derived from flight data. Procedures for obtaining pilot generated frequency sweep data,
processing and reducing the frequency response data, and for data analysis have been developed and refined in
recent years.

b. PURPOSE

The purpose of this Flight Test Manual is to provide a primary reference for the planning, conduct,
and analysis of piloted rotorcraft frequency domain testing for flight test engineers and pilots.

As such, the core of the document is presented in Chapter 4, Flight Test Planning and Execution.
Although the associated theory, data reduction and data analysis are presented in detail in Chapters 3, 5, and 6,
respectively, Chapter 4 is designed to stand alone and will meet the reference requirements for a test team
concerned only with raw flight data acquisition.
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2.0 FREQUENCY DOMAIN AND HANDLING QUALITIES

a. GENERAL

Handling qualities studies have concluded that good flying qualities are dependent on the aircraft
frequency response characteristics for a given task, particularly the bandwidth and phase delay (defined later).
Frequency response identification of the aircraft system dynamics provides a wealth of information that assists
in quantifying flying qualities characteristics. Determination of flying qualities specification compliance also
requires definition of the frequency response of the aircraft.

b. FREQUENCY DOMAIN VERSUS TIME DOMAIN

Frequency domain analysis has several advantages over time domain analysis, especially for precision
attitude tracking tasks. Time domain data collected by step, doublet, or pulse inputs, are sensitive to slight
variations in the shape of the control input. As aircraft become more responsive, the slight variations in the
piloted inputs significantly affect the results. Frequency domain analysis, on the other hand, is relatively
insensitive to input shaping, especially at the higher frequency end. Another advantage of frequency domain
analysis is that it is suitable for stable or unstable systems, whereas time domain integration errors make
analysis very difficult for long data records of unstable systems. Time-domain identification analysis is very
difficult for long data records of unstable systems since the integration errors rapidly accumulate due to the
instability. Additionally, system identification of high-order systems such as rotorcraft can be more easily
performed in the frequency domain.

Some of the other major advantages and disadvantages of frequency domain techniques are listed
below:

(1) Advantages of Frequency Domain:

 Lends itself well to analysis

 Open-loop frequency response can provide information concerning closed-loop stability
(Nyquist criterion)

 Inflight frequency response empirically repeatable data can be easily obtained

(2) Disadvantages of Frequency Domain:

 Analysis is not easy for highly nonlinear systems

 Specifications are difficult to write

 Pilots cannot easily convey frequency response information to Control Engineers

These advantages can be magnified and the disadvantages mitigated using mature and proven tools,
such as the Comprehensive Identification from Frequency Responses (CIFER®) software system. This
capability is the basis of the theory and methods provided in this manual.
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3.0 THEORY

a. GENERAL

From a study of differential equations, it is known that if a linear system is driven by a forcing
function, such as a sine wave with a frequency (coo) and a period (To) the system properties will
produce a characteristic solution and a particular solution. After a period of time, the characteristic
solution (or transient response) will damp out, leaving the particular solution (or steady-state response)
which is solely due to the forcing function. Time histories of a forcing function and the systems steady-
state response are depicted in Figure 1.

The output is characterized as having the same frequency as the input, but having its magnitude and phase
relationship relative to the input changed as a function of the system characteristics. It can be further
determined that the specific magnitude and phase relationship is a function of the input frequency. System
frequency response analysis concerns itself with the input-output magnitude ratio and phase relationships over
a frequency range of interest.

Frequency-domain approaches use spectral analysis methods to extract the frequency responses
between selected input and output pairs after exciting the system with a selected input frequency
sweep. Bode plots are used for presenting results, that is, magnitude in decibels (dB) and phase shift
in degrees versus log-frequency. As an example, the helicopter roll response at a hover could be
extracted after performing a frequency sweep about a trimmed hover condition with the lateral
control being the measured input and the helicopter roll rate the measured output.

It should be emphasized that the extracted frequency response is a linear model approximating
the actual aircraft dynamics which are nonlinear. If an analysis is limited to small amplitudes about a
given trimmed flight condition, the linear model is a close approximation of the aircraft. Frequency
response analysis does just that; it approximates the aircraft dynamic characteristics with a linear
model in the frequency domain.
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b. DEFINITION OF THE FREQUENCY RESPONSE (ref 3,4)

Mathematically, the frequency response is a complex-valued function that relates the Fourier
Transforms of the system output to the system input. The continuous Fourier Transform function can
be expressed as:

where Y is the output and X is the input, respectively, and are functions of the frequency, f (Hz), and
F = /2. The function, H, is complex with the real and imaginary components being:

or in polar terms:

where the gain factor, |H(f)1| and phase factor, (f), are, respectively:

Frequency response physical interpretation is straight forward. For an ideal single input single
output (SISO) system (stable, linear, time invariant, physically realizable) with a well-defined input
X(t) and a well-defined output, Y(t), as depicted in figure 3, a sinusoidal input at frequency 
defined by:

will produce a sinusoidal output at exactly the same frequency, , defined by:

The output amplitude will generally be different from the input amplitude, and the output will
generally be shifted in phase from the input. The amplitude ratio of the output, Y(), to the input,
X(), is the system gain factor, |H()|; the phase shift is the system phase factor, (), at the
frequency . The sinusoidal transfer function H(), the ratio of Y() to X(), is a complex quantity
and can be represented by the magnitude and phase angle with frequency as a parameter. Therefore, a
linear system can be completely characterized in the frequency domain by specifying the amplitude
ratio and the phase angle as functions of frequency. Figure 2 depicts the single-input single-output
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response to one frequency. Figure 3 depicts the single-input single-output frequency response over a
range of frequencies.

For an arbitrary non-sinusoidal input, and stable or unstable system dynamics, X(f) and Y(f) are defined
by the Fourier transform:

Key point: As long as x(t) and y(t) are bounded, the frequency response function H(f) will exist. By starting
in a trimmed flight condition and returning to a trimmed flight condition during the sweep input (discussed
later), this condition will always be met.
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c. DESCRIPTION OF THE BODE PLOT AND RELATIONSHIP TO
TRANSFER FUNCTIONS

The frequency response of a system is typically presented as two curves, a plot of the magnitude ratio in
dB (dB=201og10 |H|) versus the logarithm of frequency (log ), and a plot of phase angle in degrees) versus
log . This is called a "Bode Plot" of the system response. Advantages of working with frequency response in
terms of Bode plots include:

(1) Bode plots of systems in series are additive.

(2) A much wider range of the system behavior can be displayed; i.e., both low- and high-frequency
behavior can be displayed on one plot.

(3) Compensator design can be based entirely on Bode plots.

(4) Bode plots determined experimentally require no assumptions regarding system order, and thus, fully
characterize a system's response as a linear approximation.

The shape of the magnitude and phase curves are the keys to describing the system. A low-order
transfer function model that adequately describes the system within a certain bandwidth can be obtained
directly from the Bode plot, through analytical computer-based tools. When the transfer function
derivation contains an "s" (s =j) in the numerator (referred to as a "zero"), the contribution is that of a
differentiator, causing a +20 db/decade magnitude slope, and a +90 degree phase shift. On the other hand,
where an "s" is located in the denominator (referred to as a "pole"), the contribution is that of an
integrator causing a -20 db/decade magnitude slope and -90 degree phase shift. Two integrators, (1/s2),
provide a-40 db/decade magnitude slope and -180 degrees of phase shift, and so forth.

In general, for a linear system where the transfer function has the form, G(s)=(1)s+l , a breakpoint
will exist at = I /1, and the amplitude ratio will increase along a 20 db/decade asymptote above that
point. Additionally, a phase shift of 90 degrees occurs in the vicinity of the breakpoint, as depicted in
Figure 4.

For a system containing a simple pole: G(s)=1/(2s+1), the breakpoint will also occur at =1 /2,
but the system amplitude ratio will decrease 20 db/decade. This decrease is often called "roll off," as
shown in Figure 5.

The physical meaning for the breakpoint is that, for input frequencies above the breakpoint, the
system output is reduced, or attenuated, with the same input magnitude. An attenuation of -3 dB (or
30% reduction) in magnitude and a -45 degree phase shift occurs at the breakpoint frequency. The
phase shift reaches a total of -90 degrees in frequencies well beyond the vicinity of the breakpoint.

The phase relationships that occur due to the first order elements depicted in Figures 4 and 5 are
particularly useful in handling qualities analysis, as well as control system design and analysis. A positive
phase shift is physically interpreted as the output "leading" the input. A negative phase shift indicates the
system output "lags" the input. Control system designers use these characteristics to design "lead" filters,
and "lag" filters.

The lead-lag filter, is simply a combination of a lead and a lag, where the breakpoints occur at two
different frequencies. The filter can be either lead first or lag first as shown in Figures 6 and 7,
respectively.



FLIGHT TEST MANUAL –Rotorcraft Frequency Domain Flight Testing AQTD Project No. 93-14 (©1995)

Page 7



FLIGHT TEST MANUAL –Rotorcraft Frequency Domain Flight Testing AQTD Project No. 93-14 (©1995)

Page 8



FLIGHT TEST MANUAL –Rotorcraft Frequency Domain Flight Testing AQTD Project No. 93-14 (©1995)

Page 9

A classic second order element, of the form:

behaves similarly to the above systems. The differences are that the magnitude changes slope by +40
dB/decade if G(s) is in the numerator and -40 dB/decade if G(s) is in the denominator, with the
breakpoint occurring at n, and the phase changes by a total of +180 degrees if G(s) is in the numerator
and -180 degrees if G(s) is in the denominator. The transition of the magnitude curve and the slope of
the phase curve through the breakpoint change with the damping ratio, . A second order frequency
response is shown in Figure 8.

Since all systems can be characterized by a series of first and second order elements of varying
degrees, the Bode plot is very useful for system dynamics representation.

Peaks occurring in a Bode plot are often due to system modes, defined as an oscillatory response
containing a frequency and damping ratio. Examples of helicopter modes are the long-period, short-period,
lateral-directional oscillation, and rotor lead-lag modes. For lightly damped systems (<0.3), a Bode plot of the
dynamics in that axis will show the peak at the frequency where the mode occurs. This frequency and the
shape of the peak can be used to estimate the mode's natural frequency and damping ratio.
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d. STABILITY IN THE FREQUENCY DOMAIN

If the system closed-loop transfer function is known, the system stability can be easily determined
by inspecting the roots in the denominator. Unfortunately, a physical systems transfer functions are
generally not known, and their determination require assumptions on system order. On the other hand,
closed-loop stability can be inferred by empirically evaluating the systems open-loop frequency
response dynamics. The two measures of stability readily apparent from the Bode plot are gain margin
(GM), and phase margin (PM), as shown in Figure 9.

Increases in gain, K, of a system KG(j), may cause instability if K has a sufficiently high value. For a
closed-loop piloted system, pilot gain changes will affect stability by defining the corresponding amount of
phase shift. A phase shift of exactly -180 degrees represents neutral stability, while more than -180 degrees
represents instability. Thus, a gain margin can be defined as an amount by which a pilot can change his gain
without threatening stability. A typical value of desired GM is 6 db, or a factor of two. A 6 db GM frequency
range assures stability if the system is operating within that frequency range. A typical PM value is 45 degrees
which corresponds to a phase shift of -135 degrees.

e. DEFINITIONS OF BANDWIDTH AND PHASE DELAY

The requirements for determining an aircraft response to small amplitude inputs are contained in the
handling qualities specifications (ref 1,2) using two frequency domain parameters, bandwidth and phase delay.
The bandwidth parameter is the end-to-end, pilot controlled, input-to-airframe angular response, closed-loop
frequency that assures at least a 6 db GM and a 45 degree PM from the neutral stability frequency. Essentially,
it is a measure of the "quickness" with which the aircraft can respond to an input. Since any input can be
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modeled as a series of sine (or cosine) waves of differing frequencies and magnitudes, the bandwidth defines
the highest input frequency that results in a usable response both in magnitude and phase. The criterion in the
handling qualities specification, ADS-33E, is based on the premise that... "the maximum frequency that a pure
gain pilot can achieve, without threatening stability, is a valid figure-of-merit..." (ref 1). An aircraft with a high
bandwidth would nearly mirror the input, and would be described as sharp, quick, crisp, or agile. A low
bandwidth aircraft would be more sluggish with a smooth response. Typical high gain tasks that would be
most affected by bandwidth include slope landings, precision hover over a moving platform, air-to-air and air-
to-ground target tracking, and running landings.

The phase delay parameter measures the steepness of the slope of the phase plot at the point where
the output lags the input by 180 degrees (neutral stability). As the pilot increases his gain in a task, he
approaches the frequency where the aircraft responds out of phase with the input. The natural pilot
reaction is to apply a "mental lead filter" to compensate for this phase shift. The success of this technique
depends in large part on response predictability. If the phase slope near the -180 degrees point is shallow,
minor control deviations in the vicinity of this frequency will not change the phase shift significantly
resulting in improved predictability. If the slope is too steep, minor changes in frequency will cause
major changes in the phase shift, causing the "mental lead filter" to be less effective, or less predictable.
An aircraft with a large phase delay is prone to pilot induced oscillations (PIO's). Phase delay estimates
are calculated based on either a two point fit, or a least squares fit of the phase data between the neutral
stability frequency and the phase at twice the neutral stability frequency. This assumes that reliable data
is available in this region.

Bandwidth and phase delay, as defined by ADS-33E, is depicted in Figure 10.
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f. CALCULATION OF THE FREQUENCY RESPONSE (ref 5)

1. The Discrete Fourier Transform and the Chirp-Z Transform

The finite Fourier transform, X(f,T) of a continuous time history with a finite length, T, is:

When the time-history data are from a discrete sequence, Xn, the Fourier transform integral relation is
approximated by the discrete Fourier transform (DFT):

where X(fk) are Fourier coefficients, At is the time increment, N is the number of discrete frequency
points, and Xn = x(nt).

In general, the DFT is subject to the restriction that the number of time history points (L) and the
number of the frequency points (N) are the same so that the width of the "window" (discussed later), T, is
Lt and the minimum frequency resolution, f, is 1/Lt.

The fast Fourier transform (FFT) refers to the many algorithms used for determining the discrete
Fourier transform. One particularly flexible FFT that has been developed in the Comprehensive
Identification from Frequency Responses (CIFER®) facility (ref 3) for helicopter flying qualities
applications is the CHIRP-Z transform (CZT).

The CZT is not subject to the restriction that L=N (however, the condition that NL must be met)
which results in a finer frequency resolution (f) for a given window size (Lt). Another key advantage of
the CZT is that the number of time-history points, L, can be arbitrary, whereas L must be a composite
integer (an integer power of 2) in standard FFT procedures. The capabilities of the CZT allow the
extraction of high-resolution spectra in a narrow frequency band and an increase in the identified dynamic
range, especially at the low-frequency end.

2. Windowing

A phenomenon exists in Fourier analysis where erroneous frequency content appears as sidelobes to the
Fourier frequency of interest. This phenomenon is commonly referred to as "leakage", and since the analysis
objective is to separate the effects of different frequencies on a system, leakage contaminates the results. A
technique to reduce leakage is by "windowing" or "tapering" the data.

In simple terms, the "windows" refer to subrecords of the FFT total time history record (or multiple
concatenated records) and are sized to optimize the quality of the spectral identification. The frequency content
of the window is limited by the window length, in that the lowest frequency possible in the window is that
frequency with a period the size of the window. On the other hand, the more windows that a particular time
history is divided into, the lower the random error in the result because of averaging. For a given record length,
smaller windows yield more averaging and lower spectral variance. Thus, the selection of window length
involves a compromise between a high number of averages and adequate low-frequency signal content.

Despite the tapered window approach, sidelobe noise will still exist in the result. Window overlapping can
further improve the results. If each successive window, or subrecord, of a concatenated multiple frequency
sweep data set is overlapped by as much as 50%, the spectral bias and variance can be reduced and the results
will be significantly improved.

As discussed previously, the selection of a single window size is a compromise between having a low
frequency content (larger windows) and having a low random error (smaller windows). The CIFER®
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computational system identification tool (ref 3) includes an additional facility called COMPOSITE that takes
the results from repeated conditioning of data using different window sizes, and combines the auto- and cross-
spectral density estimates (discussed in the next section) using a non-linear, least-squares optimization. For
example, an input/output data set can be conditioned using a large window (i.e., 70 seconds), a small window
(i.e., 10 seconds), and several intermediate sized windows (i.e., 20, 40, and 60 seconds). The COMPOSITE
routine will combine the low frequency content of the large windows and the low random error of the smaller
windows, resulting in improved spectral density estimates over a wide frequency range.

3. Calculation of Gxx, Gyy, Gxy

The Fourier analysis process produces several parameters which have meaningful engineering significance
(discussed in chapter 6). Gxx and Gyy are the one-sided input (X) and output (Y) autospectral-density estimates,
respectively. They are also referred to as the Auto Correlation Functions or the Power Spectral Densities. Gxy is
the one-sided cross-spectral density estimate of X and Y, also referred to as the cross-correlation function, and
contains information on the magnitude and phase relationship between X and Y

The one-sided input autospectral-density estimate, GXX, for the subrecord, xn, at a frequency, fk, is
determined from the CZT Fourier coefficients:

where U is the scale factor for window tapering (i.e., U = (8/3)1/2), T is the record length, and N is the
number of discrete frequency points.

The one-sided output autospectral-density estimate is similarly obtained from the output subrecord by
replacing y (the output record) for x in equations 10 - 12:

The one-sided cross spectral density estimate is determined by:

where X* denotes a complex-conjugate.

Finally, the total spectral-function estimates for the entire (concatenated) time-history is obtained from a
linear average of the spectra for the (K) overlapped subrecords:

The physical interpretation of the spectral-density estimates is the mean-squared response of the respective
signals (xx,yy,xy) as a function of frequency. Presenting the spectral-density magnitudes in power dB
(Gxx(dB)=101og10 Gxx) gives the distribution of the root-mean-squared (rms) response. A representative input
autospectral-density estimate is presented in Figure 11.
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4. Generation of the Bode plot and the Coherence Function

Once the input, output, and cross-spectral density estimates have been determined for a selected time-
history pair (i.e., lateral control (lat) and roll rate (p)), the estimated single-input single output (SISO)
frequency response, H(fk), can be determined by the equation:

The transfer-function results are presented in standard Bode form; that is, a plot of log-magnitude
(HdB=201og10|H|) and phase (deg) of H versus log-frequency (in rad/sec).

In the context of nonlinear systems analysis, the result presented in equation 17 is a describing function
since it relates that part of the output which can be linearly related to the input. In other words, this calculation
results in an equivalent linear model, which minimizes the mean square difference between the actual output
signal and its approximation by the fundamental harmonic (first sinusoidal component of the Fourier series).
The remaining output harmonics are called remnants. Most of these are largely filtered out by the low-pass
nature of rotorcraft dynamics.

5. Coherence Function

A good indication of the quality of the first harmonic as a linear model of the particular input-
output dynamics can be obtained by the coherence function (Y Z

xy), as defined by:

The coherence function can be interpreted as that fraction of the output spectrum that can be
accounted for by a linear relation with the input spectrum. If the system were perfectly linear and the
spectral estimates were noise free, the coherence function would be unity within the frequency range
excited. (A meaningless result of y = 1 also occurs when only one window section is used, i.e., no
averaging). A representative coherence plot is shown in Figure 12.



FLIGHT TEST MANUAL –Rotorcraft Frequency Domain Flight Testing AQTD Project No. 93-14 (©1995)

Page 15

A coherence function of less than unity results from three basic causes. First, nonlinearities in the
system may produce remnants which are not accounted for by the first harmonic approximation. When
the input and output excursions are small, the system nonlinearities are less important. This is generally
true in cruise flight conditions, however, hover flight conditions are subject to increased nonlinearities.
In hover, low frequency inputs induce large excursions from the trim conditions which can result in
significant nonlinearities where the first harmonic linear approximation is inadequate, with a
corresponding reduction in coherence. In the higher-frequency range, where excursions about the
trim condition are smaller, the coherence will increase.

A second and very common cause of reduced coherence is input and output noise. The effect of
noise sources differ depending on whether they are correlated with .the input and output signals, and
whether they act on the "process" or on the "measurement." Process noise, such as turbulence,
contributes to the aircraft response, and acts as an additional (but unmeasurable) input. Measurement
noise does not contribute to the aircraft response, but it does contaminate the recorded input and
output signals. Process and measurement noise are important because they cause errors in the
estimate of the frequency response. These errors are categorized as "bias" (systematic) or "random"
(nonsystematic). Bias error, b[H(fk)], exists when the expected value of the ensembled, averaged,
frequency-response estimate, E[H(fk)], is different from the actual frequency response H(fk) or.

Random error [H(fk)], exists when there is a dispersion of the frequency-response estimates
about the expected value for a collection of repeated runs:

Measurement noise is generally considered to be uncorrelated with the measured signal. Figure
13 depicts uncorrelated measurement noise at the input, u(t), and output, v(t).
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Uncorrelated measurement noise at the output does not bias the spectral estimate, H(fk), however,
uncorrelated measurement noise at the input does bias the estimate as a function of the noise-to-
signal ratio. Consequently, input sensors must be of the highest possible quality (ideally noise free).
Correlated measurement noise at the input, output, or both will also bias the estimate. Uncorrelated
measurement noise also causes random error, which is reflected by the drop in the coherence
function. This drop has been seen in the hover flight condition, where the pilot's low-frequency
inputs are generally small, and at the higher frequency inputs (above about 1 Hz), where the aircraft
response is generally small. For a given coherence level, a significant improvement in the spectral
accuracy can be realized when multiple runs are concatenated (discussed in data reduction chapter),
since the random normalized error, r = [H]/H, is inversely proportional to the number of
independent time-history averages:

where the number of independent time-history averages, nd, is equivalent to TF/Lt and:

The third source of reduced coherence results from secondary inputs, which are defined as inputs
from off axis controls which excite the aircraft. Secondary inputs occur from gusts and turbulence
(process noise), and from off-axis control activity of the pilot or Stability Augmentation System
(SAS). Conducting frequency sweeps in minimum wind and turbulence prevents that contribution to
coherence reduction. Pilot and/or SAS inputs will always occur because of coupling and the necessity
to remain near the trim condition. The effects of off axis controls can be extracted using a multi-
input/single-output (MISO) identification method, such as the MISOSA routine in the CIFER®
facility.
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4. FLIGHT TEST PLANNING AND EXECUTION

a. GENERAL

As previously discussed, the flight testing for frequency domain data acquisition is designed to provide
frequency sweeps for selected input-output pairs about a given trimmed flight condition over a frequency
range of interest. The requirements for planning a frequency domain test for safe conduct and to meet data
requirements should not be underestimated. Historically, in-flight incidents during frequency domain flight
testing have, in most cases, been caused by insufficient research of the system characteristics or planning for
the test conduct. Additionally, instrumentation shortcomings or measurement requirements realized during the
data analysis will possibly prevent successfully meeting test objectives. The planning required includes a
detailed understanding of the system to be identified, measurement and instrumentation requirements, test
team coordination and training, test input design, definition of constraints and limits, and safety considerations.

b. DETERMINING TEST REQUIREMENTS

1. General

The first step in the planning process is to thoroughly research the system to be identified and to determine
(or verify) the applicability of the test technique to meet the data requirements.

Research conducted to determine the system definition and characteristics has a threefold purpose: to
identify potential risks to be managed and mitigated, to determine aircraft configuration requirements, and to
identify the data requirements to meet the test objectives.

2. System Definition

For rotary wing flying qualities investigations, the flight control system requires detailed definition to
include an understanding of stability and control augmentation, trim systems, flight control system modes,
control mixing or coupling, degraded or backup systems, actuator saturation, etc. Known or predicted aircraft
dynamic modes should be identified, with a particular interest in lightly damped modes. Rotor system
dynamics of interest include the flapping and lead-lag modes. The propulsion and drivetrain system
characteristics of interest include potential engine governing modes, pylon modes, torque and temperature
limits, drivetrain torsional modes, and rotor-to-rotor modes (tandem rotorcraft). Airframe structure modes
of interest include fuselage modes (especially tailbooms), external stores and appendages, and added
instrumentation hardware (i.e., pitot-static booms). Hydraulic system performance limitations, if any,
(i.e., pump rates, valves, servos, SAS actuators, etc,) should also be well understood.

In most cases, the system dynamic modes will be at a damped natural frequency well above the
frequency range of interest and sufficiently damped. Modes closest to the frequency range of interest
typically include the rotor regressing lead-lag mode, tail rotor drivetrain torsional mode, "soft"
tailboom modes, airframe appendages, and instrumentation airspeed boom modes.

3. Data Requirements

(a) Determining Measurement Requirements

In broad terms, measurement requirements are driven by the desired input-output pairs for which
a response model is to be determined and the parameters necessary to define the required states of the
model. Classic flying qualities investigations include the requirement for measurements of controls
and rigid body attitudes, rates, and accelerations (angular and linear). From those measurements,
specification compliance can be determined or aircraft stability and control characteristics can be
modeled. The test objectives may include determining the aircraft open-loop or closed-loop response,
which would dictate rotor system control measurement requirements or pilot control measurement
requirements, respectively. If actuator dynamics (hydraulic boost, SAS, etc.) are desired,
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measurements both upstream and downstream of the actuator may be required. Seeking to identify
structural modes may produce a requirement for additional measurements of linear acceleration or
material strain.

Consideration should be considered for redundancy in the measurements and for selection of
measurements which compliment each other. For example, rigid body attitude measurements can be
differentiated for redundancy with rigid body rate measurements. Additionally, those measurements
may compliment each other in that body attitude measurements may be more useful at low
frequencies, while body rates are more useful at higher frequencies. Additionally, whereas
longitudinal, lateral, and vertical velocity components may be difficult to measure, they can be
derived from total velocity, angle-of-attack, and angle-of-sideslip measurements.

There are several problem areas that have typically increased the challenge of acquiring accurate
measurements, or acquiring a measurement, at all. For example, acquiring an accurate airspeed
measurement is difficult in the presence of the rotor wake and/or undesired boom dynamics,
especially at low speeds. Angle-of-attack and sideslip measurements can be contaminated in the
presence of aircraft angular rates and accelerations. Longitudinal and lateral linear accelerations and
rotational accelerations in all axes of helicopters are very difficult to measure because of the
typically low signal-to-noise ratio. Finally, acquiring digital or electrical measurements from a
production data bus or wiring harness can often be very challenging. Breakout harnesses can
sometimes be fabricated to extract a desired measurement, but if the desired measurement is in the
command path of a flight critical parameter, the impact on flight safety may preclude the possibility.

(b) Definition of Test Conditions

Since the results of frequency domain analysis are only appropriate for dynamics in the
"neighborhood" of the trim condition tested (i.e., up to 20 knots), the desired test condition matrix
needs to be determined early in the test planning. For flying qualities evaluations, the test conditions
may include hover and forward flight test points. The airspeeds, aircraft weight, and mass
distribution should be determined, because the aircraft response will be dependent on those
parameters. If an open-loop response is desired, the test may have to be conducted with some or all
of the augmentation disabled, depending on the measurements available and the coupling that the
augmentation suppresses.

After the trim conditions and aircraft configuration requirements are determined, allowable
excursions from trim should be determined. Although the linear identification process is relatively
forgiving of significant excursions from trim in terms of body attitudes and airspeeds, large
excursions (i.e., greater than 20 knots) will effectively reduce the linearity of the aircraft dynamic
characteristics, which will show up as a reduction in the coherence. A typical problem area
encountered is excursion from a hover trim condition during the low frequency portion of a piloted
sweep, where small control inputs result in large attitude and speed changes. Excursions due to
coupling will also be encountered and allowable coupled excursions should be determined.

(c) Frequency Bandwidth

The test objectives must be clearly understood to determine the frequency bandwidth of interest. For
flying qualities studies, for example, the typical frequency range of interest starts at a period of about 30
seconds and extends to about 2 Hz. For specification compliance, frequencies beyond the aircraft bandwidth
are unnecessary and extending beyond the bandwidth frequency only introduces unnecessary risk. If the test
objectives include rotor mode(s) identification, the frequency range of interest may go as high as 6 Hz. System
dynamic modes may impact the final frequency range of interest. The frequency range of interest may be
limited, for safety reasons, if a resonant mode must be avoided; or if the frequency range includes a lightly
damped mode, the input may need to be effectively "notched" by the pilot to limit the output amplitude.
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4. Aircraft System Lessons-Learned

The following are offered as specific examples of system characteristics which have impacted flight test
planning or execution:

(a) "Soft" tail boom longitudinal, lateral, or torsional modes at frequencies close to the frequency range of
interest have resulted in working rivets, structural damage, or even catastrophic tailboom failure (not
necessarily in conjunction with frequency domain flight testing). Risks can be mitigated by limiting
input amplitude and frequency, using a buildup technique (in frequency), and structural strain or
acceleration measurement selection for real-time monitoring.

(b) Vertical modes, known as "collective bounce" require research for frequency and damping
characteristics, maintenance countermeasures, and recovery techniques.

(c) During directional control frequency sweeps, excessive amplitude has caused damage to tail rotor
components. Input amplitude should be limited to that required for adequate signal-to-noise ratios in
the data.

(d) Appendages, such as a mast mounted sight, have had a natural mode close or within the desired
frequency range of the input. If the mode is not sufficiently damped or the associated loads are a
concern, the input amplitude and /or the frequency should be limited. Monitoring by visual chase and
telemetry may be desired.

(e) Automatic flight control systems have had feedback gains which produce unacceptable stability
margins at modal frequencies. This normally has occurred early in the life cycle of a particular aircraft
or upgrade to an aircraft.

(f) Frequency sweep inputs have caused inadvertent engagement of backup flight control
systems, due to the dynamic loads unique to those inputs. Engagement modes should be well
understood and appropriate countermeasures implemented.

(g) There have been cases where hydraulic systems have reached-rate limiting during frequency
sweeps. This normally can be prevented by limiting the amplitude of the input.

(h) Stability augmentation system (SAS) actuators can saturate during sweeps, which will reduce
the probability of adequate data. If saturation occurs, it can normally be mitigated by
reducing the amplitude of the input. SAS actuator positions should be monitored via
telemetry.

c. DATA ACQUISITION REQUIREMENTS

1. Measurement Selection

Measurement selection will be driven by the measurement requirements determination discussed
earlier, aircraft system architecture and accessibility to measurements, redundancy requirements, and
artificial constraints such as costs and schedules. Additionally, instrumentation constraints and
limitations may influence measurement selection.

2. Instrumentation Design Considerations

(a) General

Instrumentation design and implementation considerations are critical to successfully meeting
test objectives involving frequency domain identification. The identification depends on the accurate
measurement of control inputs and response outputs. Therefore, errors in the measurements induced
by the instrumentation will cause errors in the identification. Additionally, whereas static accuracy is
critical for many other flight test requirements, dynamic accuracy in the frequency range of interest is
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also critical for frequency domain testing. Instrumentation sensitivity and resolution will determine
limits to high frequency measurements.

In general, two approaches can be used for implementing flying qualities instrumentation
requirements. Measurements, in particular inertial measurements, can be instrumented with a inertial
system package with its associated internal filtering and processing. An alternate and more traditional
approach is to instrument each measurement with its own individual sensor and filtering. In any case,
it is essential for accurate identification that the sensor, filtering, and data acquisition system
characteristics be well understood.

In recent years, a third approach to instrumentation has been utilized. That is, measurements have
been available on production data buses, such as the now widely implemented MID-STD-1553B data
bus, and data has been obtained and recorded off the production bus. Experience has shown that this
approach can compromise data accuracy because of the often times unknown filtering between the
measurement source and recording the measurement. Data validity is assured, in part, by knowing the
instrumentation dynamic characteristics, which includes filtering.

Whatever the final instrumentation configuration, the specifications should be documented and
included in the report of the flight test results. At a minimum, the measurements, filter types, cutoff
frequencies, sample rates, and other unique dynamic characteristics should be reported. In many
cases, if the instrumentation characteristics are not reported in the flight results, those characteristics
become untraceable. Inevitably, instrumentation questions will arise during subsequent data analysis.

(b) Sensor Characteristics and Filtering

Sensor specifications should be considered based on the data requirements. Adequate sensitivity
is required, but excessive sensitivity trades off with noise content in the signal. The dynamic response or
bandwidth of the sensor obviously must exceed the bandwidth of interest in the data. The dynamic range
required for each sensor will be determined by the sensitivity required for a given measurement range.
For example, typical specification requirements for a rate gyro sensor might include a dynamic range of
6000 which results in a sensitivity of ±0.01 deg/sec for a measurement range of ± 60 deg/sec. The
required measurement range for a given parameter to meet the test requirements should be considered.
Since helicopter responses can be large for a small control input, the control inputs may not be able to be
resolved satisfactorily. For example, if a control input will be ± 1 inch about trim for a particular test
(relatively small amplitude) and the total control travel is 10 inches, decreasing the measurement range
from full control throw to something less will increase sensor sensitivity to the control input. Decreasing
the measurement range too much, however, will cause signal saturation. Therefore, measuring range selection
is a tradeoff between high signal resolution and accuracy, and the avoidance of signal saturation. Figure 14
depicts a simplified diagram of instrumentation architecture.

Analog filtering of sensor signals before sampling is designed to remove sensor signal noise and provide
band limiting that minimizes aliasing. A general rule of thumb, per reference 3, is to filter to about five times
the maximum frequency of interest.

Whatever the sensor and filter combination, the dynamic characteristics should be known. Sensors and
filters will be built to certain bandwidth specifications. Ideally, the magnitude response should be flat and the
phase shift minimal across the applicable frequency range. Filtering, especially with high-order filters, can
introduce phase shifts within the frequency range of interest. Since the identification includes phase between
inputs and outputs, a phase shift induced by the instrumentation contaminates the data. Two solutions to this
potential problem exist. If the phase characteristics are known, a correction can be applied during the data
analysis. Also, if the instrumentation phase shifts for the input and output measurements are
equivalent, they will cancel one another in the process of deriving the Bode plot. In the case of
commercial instrumentation packages, acquiring the internal processing and filtering specifications
from the manufacturer can sometimes be difficult.
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(c) Instrumentation Lessons-Learned.

There are several problem areas that have typically increased the challenge of acquiring accurate
measurements, or acquiring a measurement, at all:

(1) Acquiring a accurate airspeed measurement is difficult in the presence of the rotor wake
and/or undesired boom dynamics, especially at low speeds.

(2) Angle-of-attack and sideslip measurements can be contaminated in the presence of aircraft
angular rates and accelerations. The proximity of the fuselage can also be a source of errors
(i.e., bow wave affect).

(3) Longitudinal and lateral linear accelerations and rotational accelerations in all axes of
helicopters are very difficult to measure because of typically low signal-to-noise ratio.

(4) Acquiring digital or analog signal measurements from a production data bus or wiring
harness can often be very challenging. Breakout harnesses can sometimes be fabricated to
extract a desired measurement, but if the desired measurement is in the command path of a
flight critical parameter, the impact on flight safety may preclude the possibility.

(5) Sampling and filtering characteristics of signals on a production data bus can be very difficult
to define due to insufficient information. The unknown filtering often results in data
inconsistency. Reliance on production data buses for measurement acquisition increase the
risk of not meeting data accuracy requirements.

(d) On-board Data Acquisition

Several aspects of the data acquisition system (i.e., pulse code modulation) should be considered
during the instrumentation design and implementation process, to include the word size, sampling rate,
and sampling sequence. The signal resolution capability of the data acquisition will be determined by the word
size. For example, a 12 bit word size would allow 4096 steps in the measurement range. If the word size will
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provide insufficient resolution, the measurement range may need to be reduced. Additionally, if a
measurement is recorded in a subframe rather that a mainframe, the frequency resolution will be further
reduced. Sampling rates should be sufficiently high for the frequency range of interest. High sampling rates
provide for higher frequency identification. Guidelines presented in reference 3 suggest that the sampling rate
be at least five times the filter bandwidth (twenty five times the highest frequency of interest). Finally,
sampling sequence should be considered. Since each measurement is sampled at a different time, an artificial
phase shift is induced between various inputs and outputs, contaminating the results. In most cases, the time
shift is small enough to be insignificant, but it makes sense to attempt to sample corresponding input/output
pairs in sequence to minimize the time shift.

3. Real-Time Monitoring Requirements

Real-time monitoring of the frequency sweep via telemetry is essential, both for safety reasons and for
meeting data requirements. Parameters to be monitored via stripchart include, as a minimum, the input
controller and the output response. For flying qualities evaluations, all controls and aircraft rates and attitudes
should be monitored to insure a satisfactory input and that the response remains within predetermined bounds.

It is difficult and sometimes impossible, from a piloting point of view, to accurately identify the input
frequency or the magnitude of modal responses. Therefore, the flight test engineer monitoring stripcharts has
the primary responsibility for making the "knock-it-off" call when the target frequency is reached.
Additionally, if the test planning process identified critical aircraft modes within or near the frequency range of
the target sweep, output parameters associated with those modes (i.e., accelerations, strains, rates, etc.) should
be monitored. Those parameters would also cue a "knock-it-off" call if predetermined safety limits, based on
magnitude or trends, are. reached during the sweep. -

For up-and-away testing, a visual chase aircraft is highly recommended. The chase crew can provide
traffic clearance and avoidance, handle communications, and monitor the test aircraft response, especially the
response of any external appendages. Another form of monitoring that should be considered is video recording
of the test aircraft either from a chase aircraft for up-and-away testing or from the ground for hover testing.
Although recording video is not to be considered "real-time monitoring," it is very useful for flight debriefings
or post-flight analysis.

d. PILOTED INPUT DESIGN (Ref 7)

The set of test inputs needed for frequency domain analysis consists of piloted frequency sweeps, doublets
or pulses. The sweeps are used to generate the frequency response database, and the doublets and pulses are
used for time domain verification of resulting models. For the frequency sweep, the pilot produces a sinusoidal
input about a reference trim condition, beginning at very low frequency and progressively increasing the
frequency of inputs. The frequency sweep should contain at least three seconds of static trim data at the
beginning and the end of the record. The sweep will begin with two complete cycles at the beginning
frequency followed by a smooth and continuous progression in frequency. The total record length should be 3-
4 times the maximum period of interest (typically a 60-90 second total record length). A minimum of two
(ideally three) frequency sweeps per axis for each trimmed condition should be recorded for data reduction.
Maintaining the trim condition for each axis throughout each maneuver is essential to minimizing errors,
however the pilot should not artificially suppress the coupled response. Control input size should be as small as
possible with the pilot perceiving continuous control movement, but large enough to get an airframe response
at low and mid frequencies (generally ±1/2 inch control deflection is adequate). The DC component of the
input can be adjusted to maintain the output response about the trim condition, if necessary. Additionally,
intermittent, uncorrelated, off axis inputs are allowable as required to counter large excursions due to control
coupling effects. An example of the roll response to a lateral axis frequency sweep is presented in Figure 15.
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The following lessons-learned, which can be mitigated through training and coaching, have been
noted during frequency sweep testing:

(1) For hover test points, low frequency inputs can be difficult to execute because of large excursions
from trim. One piloting technique to mitigate the difficulty is to concentrate on the output
response of the aircraft and vary the input to maintain the desired output. In effect, that will add a
higher frequency content to the starting frequency of the input, which will not degrade the quality
of the low frequency identification.

(2) There is a tendency to make a large increment in frequency after the two periods at the starting
frequency and to rush through the mid-frequencies. Coaching and training can prevent this.

(3) Because the output response is attenuated at higher frequencies, the tendency is to increase the
magnitude of the input which is not desired.

(4) Aural, visual, proprioceptive cues make it easy for the pilot to latch on to an input frequency that
corresponds to an aircraft natural mode. Prolonged inputs at the frequency could result in
damaging structural loads. The pilot should progress through the frequency range.

(5) There is a pilot tendency to couple an off-axis control with the desired input frequency sweep. That
tendency can be caused either by inertial properties of the pilot and controller, or by the tendency for
the pilot to suppress coupled responses. To the extent that the off axis control is correlated with the
desired input control, the accuracy of the identification will be reduced.

A good piloting technique in executing the frequency sweep is to begin with a verbal count in seconds,
concentrating on the first eight quarter cycles (2 periods at the starting frequency). The control input, or output
(see first lesson-learned above), changes direction or passes through trim at each quarter cycle. For example; if
the starting period is 20 seconds, the control input would be initiated in one direction from trim and not change
direction until the count of 5, pass back through trim at the count of 10, be at maximum amplitude in the
opposite direction at the count of 15, and back at trim at the count of 20. The second period would be a repeat
of the first. After completion of the first two cycles, the gradual progression in frequency begins. The non-
flying pilot can then call out total elapsed time at designated intervals (i.e., 10 seconds) or coach the pilot
throughout the frequency progression.
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One of the strengths of frequency domain testing is that the associated data reduction is not dependent
on the input shape. It is not necessary for the frequency sweep input to be a sinusoid. In fact, piloted inputs
typically have a richer frequency content than a pure sine wave, which enhances the results quality. The use of
a frequency cuing device, such as a metronome, to conduct a sweep is not only unnecessary but undesirable.
Additionally, the input does not have to have a constant amplitude over the frequency range, which helps to
mitigate the large excursions from trim typically associated with hover trim conditions during low frequency
inputs. Automated computer-generated sweeps are not desired for most applications.

e. TEST TEAM ORGANIZATION AND TRAINING

Test team training should not be under-emphasized. Frequency domain testing is an exercise in crew
coordination not only in the test aircraft cockpit, but among the test crew, chase and ground crews, and
telemetry station personnel. Successful test team coordination will insure a satisfactory quality of data while
maintaining flight safety and managing risks.

Practicing frequency sweeps on the ground, with ground power and the rotors static, provides an opportunity
for perfecting the inputs and establishing the required coordination. Real-time telemetry monitoring during the
ground practice will allow the telemetry station personnel to practice identifying the ending frequency, making
the "knock-it-off" call, and coaching the pilots on input quality, magnitude, frequency progression, etc.

f. FLIGHT EXECUTION

1. Buildup and Validation

Potential risks while performing frequency domain testing are normally associated with higher frequencies
and amplitudes of inputs. These risks can be mitigated, in part, by limiting the frequency of the input to that
necessary to meet the test objectives. A buildup is prudent. Additionally, the buildup flight iterations will
permit validation of test team training and coordination, test methodology, and the instrumentation and data
acquisition implementation.

A recommended buildup for flying qualities tests is as follows. The first flight objective is to perform one
limited sweep in each applicable axis at representative trim conditions (i.e., one hover and one forward flight
condition). The sweeps should be limited in frequency to a conservative estimate of the vehicle bandwidth. In
most flying qualities examples, 1.5 Hz is recommended. Piloted sweeps will have a frequency content beyond
the "knock-it-off" frequency, so data will exist in the Bode plots beyond 1.5 Hz. After the first flight, the data
should be reviewed in the form of time histories and quick-look Bode plots of selected input-output pairs. The
data review will validate the data acquisition and response identification, identify potential modal activity
within or near the frequency range, and provide an estimate of the aircraft bandwidth.

2. Test Execution

The frequency sweeps for data are similar to the buildup sweeps except the limiting frequency is the
desired cutoff frequency. For most flying qualities tests, 2 Hz is recommended.

The same test and monitoring procedures presented in the buildup discussion apply. To meet the data
requirements, three frequency sweeps should be made in each applicable axis for each trim condition. If
modeling is planned, two doublets or pulses should be made for the purpose of generating independent time
histories for model verification.

Because the objective of frequency domain testing is to identify the system dynamic response to
a particular input, extraneous stimuli will contaminate the identification. Therefore, frequency
domain flight testing requires the same weather conditions as vehicle performance testing.
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g. SAFETY CONSIDERATIONS

Many safety considerations have been discussed in previous sections. To consolidate safety
related procedures, safeguards, and lessoned-learned, they are repeated here.

Although the technique is straightforward, experience with frequency response testing during
previous tests emphasizes the need to carefully plan the frequency sweep tests. Tests conducted with
frequency sweeps have revealed the potential for damage caused by structural resonances. Some of
these are documented in reference 6. Unexpected structural resonances which were not identified
during structural demonstrations or during operational flying have been encountered during
frequency sweep tests. The lesson learned is that frequency response testing should be approached
cautiously and with careful planning.

To prevent the excitation of aircraft modes outside the frequency range of interest, the input
frequency should be limited to a value corresponding to what is required in the data. Also, to limit
structural loads, limits should be placed on control amplitudes to that required for adequate signal-to-
noise ratios in the measurements.

Test team training and practice is important to work out problems with the test input, team
coordination, and training prior to flight. Then it is prudent to buildup in frequency to identify any
unforecast aircraft modes or characteristics.

As with any flight testing, if an input or aircraft response exceeds a predetermined limit, or if
something unexpected is observed, a "knock it off" call should be made immediately. The call can be
made by the flight test crew, the flight test engineer monitoring telemetry, or the visual chase crew.
The recovery technique is simply to stop the input and maintain aircraft control, performing unusual
attitude recovery procedures, if required.

If a control resonance is encountered (i.e., collective bounce), a significant control trim change can
be made, the friction setting can be changed, or the pilot can attempt to get out of the loop. Recovery
procedures and potential adverse system characteristics should be thoroughly briefed preflight.
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5.0 DATA REDUCTION

a. DATA CONSISTENCY ANALYSIS (ref 8)

A very important part of the frequency domain analysis is data reduction. Errors, both systematic
and random, will potentially be present in the data and will contaminate the subsequent reduction.
The influence of errors are especially significant if aircraft states will be derived by integration of
measured states (i.e., vehicle velocities derived from measured accelerations). Data preparation is
critical for obtaining an accurate aircraft system frequency response estimate, especially considering
the potential instrumentation shortcomings discussed earlier.

Two sources of systematic error which can be easily identified and corrected for are offset
(commonly referred to as dc bias) and trending error (or linear drift). Dc bias, or offset, is simply the
constant component of error in a measurement over the time history. Linear drift, or trending error, is
the error component in a measurement which changes linearly over the time history. Figure 16
depicts dc and linear drift.

Since the frequency sweep flight test technique is designed to begin and end in trim, the dc bias
and trend errors can be readily identified by the mean offset and slope of the time histories, and
appropriate corrections applied. -

Other potential systematic errors include scale factor errors and time shift errors, which can be
measured in the instrumentation calibration. Random errors include data dropout, disturbance,
quantization errors, and jitter (digital noise) caused by asynchronous instrumentation sampling.

Most random error can be removed through digital filtering techniques. A detailed approach for determining
flight data measurement errors using government public domain software is contained in reference 8. It is
important to realize that error corrections must be applied over the entire database to preclude data inconsistencies.

b. SELECTION OF WINDOW SIZE

As discussed previously, the window size selection involves a compromise between having a low
frequency content with a degraded high frequency result (large window), and having small random errors at
higher frequencies with degraded low frequency identification (small window). Concatenating multiple high
quality frequency sweeps increases the number of averages for a larger window. For example, concatenating
two independently produced, 90-second frequency sweeps and applying 30-second, tapered and overlapped
windows should provide good coherence. Coherence will cover the frequency range of interest while
providing a frequency content down to the frequency corresponding to about a 15 second period. If the
CIFER® facility is being utilized, the COMPOSITE feature can be utilized with multiple window sizes to
optimize the low frequency content and the reduced random error.
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c. SPECTRAL ANALYSIS AND THE FREQUENCY RESPONSE

After the data has been checked for consistency and corrected for errors, and window sizes are selected,
the input, output, and cross spectral density functions can be determined for selected inputs and outputs using
an appropriate FFT algorithm. For the best results, higher order measurements should be used and integrated,
if necessary. For example, if the aircraft attitude response to lateral control input is desired, the measured roll
rates should be used and the resulting frequency response integrated, rather than using measured roll attitudes.
The frequency response is calculated from the ratio between the cross spectral density and the input spectral
density.

d. SECONDARY INPUT FILTERING REQUIREMENTS

If a multi-input single-output (MISO) algorithm is available (such as MISOSA contained in CIFER®), the
effects that the correlated off-axis inputs have on the on-axis vehicle response can be extracted. A more
accurate frequency response of the desired input-output relation will resultbecause the presence of
correlated secondary inputs will distort the identified SISO response. Correlated secondary inputs
will be present especially for a highly coupled aircraft such as a helicopter in a hover trimmed
condition.

The CIFER® MISOSA facility allows up to four secondary inputs in addition to the primary
input. The resulting "conditioned" frequency response is calculated for the primary input. The
inclusion of a totally uncorrelated secondary input does not degrade the resulting response
identification.

e. THE COHERENCE FUNCTION

As presented previously, the coherence function is calculated using the relationship:

which represents the fraction of the output power that is linearly related to the input power.
Calculation of coherence is standard in commercially available FFT tools as well as the CIFER®
facility.
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6.0 DATA ANALYSIS

a. SPECTRAL DENSITY FUNCTIONS

By analyzing the input and output autospectrums (also referred to as spectral density functions),
the frequency content of the flight data can be determined. The autospectrums will generally be of
some nominal value over the range of good frequency content and will drop off at the low and high
ends, respectively. It must be remembered that the frequency response cannot be determined where
there is little or no frequency content. Consequently, the spectral density functions will be a good
indicator of the range of a valid frequency response identification. Figure 17 depicts an example of
an input autospectrum and its associated range of valid frequency content for a lateral frequency
sweep at a hover.

Factors which will reduce the input autospectrum include the length and number of concatenated
data runs, the quality and frequency content of the flight test input, the bandwidth and sensitivity of
the instrumentation, and the selection of window size used for the fast Fourier transform. Recall that,
for helicopter handling qualities, the frequency range of interest is generally in the range from 0.05 to
2 Hz. Therefore, good spectral power is only desired in the frequency range of interest.

An example output autospectrum for the roll rate response to the lateral frequency sweep at a
hover is depicted in Figure 18.

The output autospectrum has a much different character than the input autospectrum, which can be
explained by the physical nature of the aircraft response problem. The relative peak at approximately
0.5 rad/sec is due to the presence of the dominant roll mode at that frequency range. Also, while the
input autospectrum remains relatively constant between 0.3 and 10 rad/sec, the output spectral power
drops off above 2 rad/sec. This rapid drop-off is due to the inertial (rigid body) aircraft response.
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b. COHERENCE FUNCTION

The coherence function (y2) is a frequency response metric of accuracy. Generally, a coherence of
greater than 0.6 is considered acceptable. Figure 19 depicts the coherence for the example lateral
frequency response at a hover.

The reduced coherence at the low frequency end shows reduced accuracy below approximately
0.15 rad/sec, which is below the frequency range of interest effecting flying qualities.

Likewise, the reduced coherence above 7 rad/sec indicates poor accuracy, although phase accuracy is
usually more sensitive that magnitude in the higher frequency region.

Generally, there are three contributions to reducing the coherence function over the valid frequency range.
The first contribution is nonlinearity present in the actual physical system; that is, the portion of the actual
response not accounted for by the linear (1st harmonic) describing function. For example, in a frequency
sweep at a hover, the low frequency inputs can result in relatively large excursions from trim which may
introduce large nonlinearities.
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The second contribution to reducing the coherence is output noise. The coherence can be related to:

where is the noise/signal ratio. For example, the high frequency end of a frequency sweep can be
characterized as having a very small magnitude response. In the presence of output noise, can become
relatively large at high frequencies.

The final contribution to a reduced coherence is secondary inputs. In this case, the secondary inputs
include not only the off axis control inputs, but also external inputs such as gusts.

c. BODE PLOTS

I. Bandwidth determination

Bandwidth, magnitude and phase can easily be determined from the Bode plots. Typical margins for
bandwidth are 6 dB of margin from the 180 frequency and 45 degrees of phase margin. Figure 20 depicts the
bandwidth for the roll attitude response to lateral control of a Bell 214ST in hover.
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The overall system bandwidth is the lesser of the gain and phase bandwidths, GM and 135,
respectively.

2. Specification Compliance

ADS-33E compliance can be determined using bandwidth and phase delay metrics. The bandwidth
and phase delay are measured from a frequency response plot of the angular attitude response to
cockpit controller deflection or force. Phase margin and gain margin bandwidths can be directly
calculated from the Bode plots, and the phase delay can be calculated using either a two point fit, or a
least squares fit algorithm. .

The resulting bandwidth and phase delay are then plotted against specification boundaries detailed
in ADS-33E for Handling Qualities Levels 1, 2, and 3 (ref 1 & 2).

The CIFER® facility determines the phase delay using a least squares fit with an exponential
coherence weighting function to place more emphasis on the higher quality spectral data present in the
frequency response.

3. Mission Suitability

The frequency response identification can be mission related in several ways. For example,
susceptibility to pilot-induced oscillations for particular mission tasks can be related to stability
margins identified in the frequency response. Conversely, stability margins will be an indicator of the
probable handling qualities levels for a particular mission tasks.

Frequency domain analysis can be applied in another way. If time histories of selected inputs and
outputs were recorded during the performance of a given mission task, a FFT applied to the time
histories would indicate the frequency content or spectrum typical of that task. Ideally, the total
bandwidth of the aircraft should exceed (with a desired margin) the bandwidth required for the task.
Aircraft mission suitability for the given task could be determined.

d. LOW ORDER EQUIVALENT SYSTEMS - PARAMETRIC MODELS

1. Classical Transfer Functions

Transfer-function modeling is a simple and useful tool for characterizing the uncoupled helicopter
responses when the overall input-to-output behavior is of concern, rather than a complete physical
representation based on the force and moment equations. The CIFER® facility extracts transfer-
functions directly from the frequency response by minimizing the magnitude and phase errors between
the identified frequency-responses and a transfer function model of assumed order. CIFER® adjusts the
transfer-function model parameters until a best fit is achieved. These transfer-function models are often
referred to as "equivalent system" representations since they characterize the dominant dynamics in
terms of simple "equivalent" first and second order responses. Examples of the applicability of transfer-
function models are:

1) Flight mechanics studies - determination of key rotor parameters, and coupled rotor/fuselage
modes.

2) Handling-qualities analysis-comparison of equivalent system parameters such as short-period
damping and frequency, and time delay with the handling-qualities data base.

3) Flight control system design model - classical design and analysis techniques such as Bode and Root
Locus are based on the transfer-function descriptions of the on-axis angular responses to control
inputs.

4) Structural and rotor elasticity - damping and frequency of rotor lead-lag and airframe structure modes.
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2. Stability and Control Derivative State-Space Modeling

State-space modeling provides a comprehensive characterization of the coupled helicopter dynamics in
terms of linear differential equations of motion. The coefficients of these equations are the fundamental force
and moment perturbation (stability and control) derivatives of classical aircraft flight mechanics. State-space
models are useful for control system design, simulation model fidelity assessment and improvement,
comparison of wind tunnel and flight characteristics, and multi-input/multi-output (MIMO) handling-qualities
analysis, and are well suited for highly coupled systems. Another advantage of state-space modeling is that it
allows a great deal of flexibility in model structure. The CIFER® facility identifies state-space models of
general structure and of high-order by simultaneously fitting an entire frequency-response data base for a given
trimmed flight condition. More information on the topic is contained in reference 10.

3. Vibration Analysis (ref 11)

Helicopter vibration levels are routinely measured in flight test programs to determine compliance with
specifications and to document in-flight vibration characteristics. The analysis associated with determining
vibration levels is virtually identical to that of generating frequency responses. Accelerometers can be located
at a desired aircraft location in a desired orientation. Spectral analysis of the recorded time history will reveal
the power spectral density of the vibrations. The results can be used to quantify the vibration environment, to
isolate the vibration sources, and even to quantify component life.

4. Other Applications

A wide range of applications of the frequency domain flight test technology is discussed in references
9, 10, 11, and 12. Examples include flight control system design, simulation validation, aeroelastic
analysis, pilot workload analysis, and engine/drivetrain governing system identification.
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APPENDIX C. EQUATIONS
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APPENDIX C. EQUATIONS (continued)


