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Advanced Modeling and System Parameter Identification
through
Minimal Dynamic Stimulation and Digital Signal Processing

Anthony J. Hébert *
Engility Corporation, Shalimar, Florida 32579

Paul R. Mackin 2
AFRL/RWWG, Eglin AFB, FL 32542

This paper describes the Hébert-Mackin Parameter Identification Method (HMPIM).
This methodology is applicable to testing both hardware and software and enables
identification of system or algorithm performance modeling parameters through minimal
dynamic stimulation of the hardware or software. Exposing hardware to extensive operation
and testing to determine salient system or component level modeling parameters is both
costly, time consuming, and potentially risky. Classical test waveforms such as steps, ramps,
or sinusoids expose the asset being tested to continuous probing and shaking and each test by
itself does not drive out the entire set of essential modeling parameters. The HMPIM,
utilizing persistent spectral excitation and data processing, allows the analyst or modeler to
determine all the essential system performance and modeling parameters with a single 5 or
10 second excitation of the hardware or software algorithm.

I. Introduction

This paper describes the Hébert-Mackin Parameter Identification Method (HMPIM)®. This methodology,
applicable to testing both hardware and software, allows identification of system or algorithm performance modeling
parameters through minimal dynamic stimulation of the hardware or software. Exposing hardware to extensive
operation and testing to determine salient system or component level modeling parameters is both costly, time
consuming, and potentially risky. Classical testing techniques such as steps, ramps, or sinusoids expose the asset
being tested to continuous probing and shaking and each test by itself does not drive out the entire set of essential
modeling parameters. Figure 1 is an example of a model of a sensor including its hardware and software. Effects
such as processing delay, data holds, measurement dynamics, measurement noise, measurement bias and accuracy,
and sensor saturation are all represented.

! Senior Systems Analyst, Engility Corporation, 51 Third Street, Building 9.
2 Senior Engineer, Integration Guidance Simulation Branch, 101 W Eglin Blvd STE 234.
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~ Example Angle Measurement Sensor ™.
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Figure 1. Sensor model example

The HMPIM, utilizing persistent spectral excitation and data processing, allows the analyst or modeler to
determine salient system performance and modeling parameters with a single 5 or 10 second excitation of the
hardware or software algorithm. An example is shown in Fig. 2.
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Figure 2. Example of input stimulus, measured output, and resultant frequency response

Digital Signal Processing (DSP) of both the stimulus and output data efficiently calculates salient modeling
parameters. The development and evaluation of this methodology was accomplished by integrating flight test
hardware onto and stimulating it with the Advanced Guided Weapon Testbed (AGWT) facility’s flight motion
simulator (FMS) and visible scene projector located at the Air Force Research Laboratory, Munitions Directorate
(AFRL/RW), Eglin Air Force Base, Florida. The AGWT is a research facility used to investigate advanced weapon
system concepts and system components through hardware-in-the-loop simulation, distributed simulation, and war
gaming. This paper describes the development of the HMPIM stimulus and constraints imposed by the test
hardware. Figure 3 depicts the development of the stimulus for using position, velocity, or acceleration or any
combination of the three for excitation of the asset to be tested. The stimulus development process includes
provisions for limiting the angular position, velocity, and acceleration in order to protect hardware that may be
sensitive to vibration at relevant excitation frequencies. The amplitude of the excitation is extinguished at higher
frequencies through the use of an extinction factor in order to hold the angular velocities and accelerations to the
constraints of the hardware being evaluated. The trade in the development of the stimulus is to minimize the
excitation while still sufficiently stimulating the hardware being evaluated over its full spectrum of intended

operation.
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Figure 3. Example of input stimulus with constraints

The HMPIM parameter identification process, which makes use of discrete Fourier transforms, autocorrelation,
cross-correlation, and covariance data processing techniques, is discussed at length in the sections to follow. Test
data and performance results of the methodology are presented. The paper uses the HMPIM to determine model
parameters for postulated dynamic systems and algorithms, as well as the AGWT facility’s five axis flight motion

simulator.

I1. Advanced Guided Weapon Test Bed Tools

The Advanced Guided Weapon Testbed (AGWT)? in AFRL/RW has all the tools necessary to characterize, test,
and model sensors or other hardware carried on weaponry. Among the tools are flight motion simulators (FMS),
visible and infrared scene projectors, computers with real-time operating systems, multiple precision timing sources,

and a suite of software tools including MATLAB®.

The FMS is a 5-axis hydraulic table built by Carco in 2001 and is driven by an Ideal Aerosmith Aero 4000
controller installed in 2011. The controller has a 10 MHz internal clock that is phase-locked to GPS. The inner three
axes carry the unit under test (UUT) and are used to provide true inertial rotations to the UUT. The outer two axes
known as the target axes carry the target simulator and are used to provide stimuli to the UUT at true line-of-sight
(LOS) angles. All axes have position accuracy and repeatability of less than 0.003 degrees. FMS dynamic

specifications are shown in Fig. 4.

Roll Yaw Pitch Azimuth | Elevation
Position, deg | +-120 | +-55 +-120 +-45 +-45
Angular
Rate, deg/s 800 400 200 180 180
Angular
Acceleration, | 33,000 | 16,000 | 14,000 1,000 900
deg/s?
Ei”dw'dth' 43 25 20 9.5 7

Figure 4. 5-axis flight motion simulator
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The scene projector is a high-definition visible projector mounted on an optics bench carried by the FMS target
azimuth gimbal. The images are collimated and focused at infinity. Dynamic scenes are generated in real time on a
Linux-based PC running the Fast Line-of-sight Imagery for Target and Exhaust Signatures (FLITES)® scene
generation program. FLITES is capable of producing scenes ranging from simple point sources to complex jet
aircraft with exhaust plumes flying low over a city.

The scene projector, FMS, and data collection are driven from a Concurrent iHawk computer. The iHawk
computes the forcing functions for the FMS and scene projector and collects and time-stamps the data from the FMS
and the hardware under test. The iHawk software is synchronized to a hardware interrupt that is phase-locked to the
same GPS signal as the FMS.

1.  Stimulus Waveform Development

Historically, testing conducted on system or subsystems to be modeled have consisted of steps, ramps, and
sinusoids. A battery of these tests was required to extract the entire set of salient modeling elements of a system or
subsystem. The goal to develop a waveform that stimulates the system so that all of the performance parameters can
be determined within a single test can be realized only if frequency domain properties are analyzed. ldeally, the
waveform should provide persistent excitation over all frequencies. The realization of such a waveform is overkill
and unobtainable. Persistent excitation over ~DC to the Nyquist Frequency” of the collection system is desirable, but
excitation over a reasonable frequency range that the system is expected to operate within is sufficient.

Although a single step of ramp response can glean many salient parameters for a potential model, the data
collected will not provide the ability to develop a frequency response of the system, nor the scale factor and bias of a
potential measuring device. A single sinusoid allows the tester to place a single point on a potential frequency
response plot. In order to develop a reasonable plot of frequency response, many sinusoid tests need to be
performed. A sum of sinusoids coupled with Fourier analyses of measured response and the stimulus will yield a
frequency response only valid at the discrete sinusoids that were summed. In order to capture the frequency response
within a single test, a frequency sweep or chirp throughout the test is required. Figure 5 depicts the differing types of
stimuli along with their Fourier transforms. Notice how the chirp is the only test that provides a persistent spectral
excitation across a frequency band.

Waveform Development

Frequency Domain Characteristics
Potential
Step
et ;w
Ramp
L @t
Sinusoid f\/\/\/ 41_
_~ _~ ~ t w
Summed /_)\’_\/\/‘ II I II
Sinusoid t D
Chirp ‘ \ i‘\ { ‘ {“m
t w
HMPIM W ﬁ
.~ - w

Figure 5. Frequency domain characteristics of waveforms

Taking into account hardware fragility and testing asset performance limitations, a modified chirp or HMPIM
waveform was developed to utilize the Fourier qualities of the chirp while protecting potential assets through
extinction of the signal where large velocity and accelerations would be required.

The following section develops the HMPIM waveform from a computational perspective.
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f; = waveform frequency (Hz) at time =0
fe = waveform frequency (Hz) attime = T
T = Total Time of the Chirp (sec)

Where the following constants are defined:

azw,bz 2nf; .

In order to simplify the following equations let
2
A potential excitation waveform could be a chirp over a period of T seconds that sweeps from frequency f;to
frequency f;as depicted in Figure 5 and developed using Eq. (1). The 1% and 2" derivatives of the signal are given in

equations (2) and (3) as well. These three signals would allow stimulus of position, rate, and acceleration in
combination if a system accepts these types of input commands in conjunction.

Xs(Chirp) = =27 (1)
Xs(Chirp) = &0zt @

i . scos(oy) _ (b+at)®ssin(oy)
XS(ChII'p) _ 2 C(;.s2 o) a Uzsm (2% (3)

For the HMPIM waveform, a, needs to be modified to include both a gain (G) and an extinction factor (n). The
gain is used to limit the position amplitude, and the extinction factor is used to bound both the rate and acceleration
amplitudes. These tuning parameters allow the waveform to be tuned to protect hardware being tested from damage
due to high rates or accelerations and limit any commanded accelerations, velocities, and positions to within the
testing hardware’s capabilities.

at™

modify g, , :=b + - 4)

where n = extinction factor for the Chirp, (Where n = 0.0 provides no extinction of the signal)
Although the math is a little more involved to derive the derivatives, the following equations are still readily
realizable through either real-time computation within a testing system or through prior evaluation:

. G sin(oq)
HMPIMwaveform = XS(ChlrpExt) = 0.2_1 (5)
Ext
. . (b+at)+cos(oy)  a*nxt™ Lxsin(oy)
Xs(Chirpgy) = G p = — 7 ] (6)
2Ext Z(UzExt)
axcos(ay) (b+at)?+sin(a7) _ a?+n?xt2"=2 xsin(o;)
. O2gxt O2pxt 2‘TZExt3 ]
X5(Chirpgy) = Gl | (7
l _ (n—-1)*a*n*t™"2 xsin(gy) _ (b+at)*asnxt"~1 *cos(al)J
2¢TZExtz ozEth

IV. Model Parameter Identification through Digital Signal Processing

The following sections will describe the analysis techniques used on the data collected through stimulus of the
test asset with the HMPIM waveform. These techniques will allow the tester to resolve the salient parameters for a
potential model of the asset. Figure 6 depicts an example of the data flow for testing of a potential subsystem and the
model parameters to be determined from the test.
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Example Angle Measurement Sensor
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Figure 6. Angle measurement sensor model excitation with HMPIM

Figure 7 below is an example of data collected from a HMPIM stimulus.

Qutput vs. Input

E ! ! !

Amplitude

Time [sec]

Figure 7. Example excitation with HMPIM and measured output

A. Processing Delay/System Lag
When the dynamic stimulus (HMPIM waveform) for angle motion is presented to the test asset as shown in the

example in Fig. 7, the processing delay can be determined by a cross-correlation® of the true angle € and the
measured angle & shown in Eq. (8).

Re(k) = eE(n—K) = = IN=3e(n) E(n — k) (8)

The processing delay is the time of the peak of the cross correlation plot as shown in Fig. 8 below. In this
instance the delay is determined to be ~150 msec.
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Figure 8. Cross-correlation of HMPIM and measure output

B. Scale factor and bias
The test asset’s measurement bias (K.) is computed by calculating the autocorrelation4 of the time corrected
measurement error as defined by Eq. (9).

gmeas(n) = E(Tl) - E(n - Sprocessing) ’ (9)

Where 8processing 1S COMputed using the cross correlation method discussed in the previous section. An example
autocorrelation of measurement error is shown in Eq. (10) and depicted graphically in Fig. 9,

1 _
Rsmeassmeas (k) = €meas(M) Emeas(n — k) = N Zﬁ:(} Emeas(M) Emeas(m — k) (10)
and the measurement bias is

K¢ = Measurement bias = /R, . . (0) . (11)

B Figure 17 A s d LEIM
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Figure 9. Example of autocorrelation of measurement error
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Utilizing the near DC components of the HMPIM, the measurement scale factor can be determined by analyzing
the initial period of the excitation and measurement. Figure 10 depicts the initial period of the time corrected
measurement vs. the excitation. The zero crossings of the time corrected comparison of the HMPIM and the
measurements depict the measurement bias (K.). The scale factor (K,) can be determined by utilizing the data at the
non-zero points of excitation using Egs. (12) and (13).

g(n) = e(n) K, + K¢ (12)
_ E(n— é‘processing)_KC
K. = s (13)

" Output(time corrected) vs. Input

T

I

[] o1 CE] [E] (¥} (] 0.6 0.7 (] [E] 1

Figure 10. Scale factor computation example

C. Process/Measurement Noise
The measurement noise can be determined by the difference of the mean-square value and the square of the
mean using autocorrelation as shown in Eq. (14) * and Fig.11.

0-2 = Remeastmeas (0) - Rgmeasfmeas(oo) : (14)
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D. Dynamic Response®

In order to determine the dynamic response of the test item, frequency domain analyses are required. Utilizing
the Fourier transform of the HMPIM stimulus as well as the Fourier transform of the measured output, frequency
domain properties of the system under test can be extracted. In order to maximize the data to be extracted and not
develop extraneous results, certain properties and limitations of the Fast Fourier Transform (FFT) and Discrete
Fourier Transform (DFT) need to be understood.

The primary goal of any spectral analysis utilizing the FFT or DFT is to approximate the Fourier Transform of a
continuous time signal. In general three phenomena that result in errors between the computed and desired transform
have to be addressed.

1. Aliasing

The phenomenon of aliasing is caused by not sampling the time signals at a high enough rate. If the transform of
a time signal is assumed to be band limited to 0 < f < fj,, and the rate at which you plan to sample the signal is less
than 2f;,, there will be spectral overlap in the computation of the DFT. The only solution to the problem of aliasing
is to assure that the sample rate is sufficiently high to avoid spectral overlap.

2. Leakage

This problem arises because of the real world requirement to view signals in finite intervals or limited
observations. The HMPIM is a finite signal used to stimulate the test item. The data collected for the response is
finite as well. If one could run the signal without turning it off, this issue would not arise. Truncating a signal at
some finite interval is equivalent to multiplying the signal by a rectangular window in the time domain and
convolution of the desired spectrum with the spectrum of a rectangular window in the frequency domain. While a
rectangular window may be acceptable in some applications, using a window that tapers the edges of the signal will
alleviate the leakage issue. The lower left Bode plot in Fig. 12 shows the effect of leakage in the 8 to 10 Hz range of
the plot. The lower right plot shows how the windowing of the signal reduces the leakage, but also reduces the gain
at both the lower and upper regions of the spectrum of interest. Choosing an appropriate window and tuning the
HMPIM to a wide enough spectral stimuli will minimize leakage errors in the analyses.

3. Picket Fence Effect

The picket fence effect is produced by the inability of the DFT to resolve the spectrum as a continuous function.
Computation of the spectrum is limited to integer multiples of the fundamental frequency. One method of reducing
picket fence effect is to vary the number of points of the DFT by padding the signal with zeroes at end of the time
signal. When using this method and windowing the data to reduce leakage, one should only window across the true
signal and not the padded zeros. This padding and approach does not distort the windowing of the data.
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Figure 12 is an example of a HMPIM waveform created to stimulate a test article from 0.1 to 10 Hz, with
maximum amplitude of 10 degrees, a maximum velocity of 1000 deg/s, and a maximum acceleration of 40000
deg/s. The waveform is constructed with a sample rate of 500 Hz. Notice how with the constraints stated previously
no extinction of the signal is required. The lower Bode plots show how windowing (Gaussian window with o = 1.5,
see Eq. (15)) of the waveform prior to the DFT reduces leakage and still provides adequate signal (50 dB of gain)
for analysis at 10 Hz.
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Figure 12. DFT of HMPIM and windowing effects

Figure 13 is an example of a HMPIM waveform created to stimulate a test article from 0.1 to 40 Hz, with
maximum amplitude of 10 deg, a maximum velocity of 500 deg/s, and a maximum acceleration of 40000 deg/s’.
The waveform is constructed with a sample rate of 500 Hz. Notice how, with the constraints stated previously, an
extinction factor of 0.81 is required and the amplitude of the signal is reduced to ~ 1 degree at the higher frequencies
in the waveform. The lower Bode plots show how windowing (Gaussian window with a = 1.5, see Eq. (15)) of the
waveform prior to the DFT reduces leakage and still provides adequate signal (20 dB of gain) for analysis at 40 Hz.
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Figure 13. DFT of HMPIM and windowing effects

Figures 12 and 13 give examples of HMPIM waveforms that may be used to test systems or subsystems. The
effects of windowing of the data could cause errors in analyses at the upper and lower end of the spectrum of
interest. Figure 14 below depicts examples of different windows that could be used for shaping the analyses.
Equation (15) shows how the Gaussian window is formulated with the tuning parameter a.

i n
® (M) gaussian = € Z[aN/Z]’ (15)

where,

vz
e

(16)

11
American Institute of Aeronautics and Astronautics

DISTRIBUTION A. Approved for public release, distribution unlimited. (96 ABW-2013-0227)



Time demain Frequeazy doman

| ‘““ : ' 5 ; :
| _‘ Mn"; Wi Al I'l.f's".uﬂfht'|'“|h,||"||"a'|l
A eI 00 CONVIRRAANCH

At

Magriude (98]

} n |\""l'( hm * H\]

0.3 04 05 05 07
Morsaked Frequency (=2 redisaspk:)

Figure 14. Time and frequency domain windowing examples

The Fast Fourier Transform (FFT) or Discrete Fourier Transform (DFT)* will produce a spectral analysis of both
the stimulus and response, and is used to determine the dynamic response of the item under test. The ratio of
response to stimulus produces the frequency response of the test item,

X(k) = T x(Dwf P, (17)

where wy = e(2m/N,

Transfer Function = EFT(response) _ YUw) G(jw) (18)
FFT (stimulus) X(jw)

The transfer function is described in the frequency domain by the relation:

G(jw) = R(jw) + jl(jw), (19)
where
R(jw) = Real(G(jw)), (20)
and
[(jw) = Imag(G(j)) . (21)

Alternately, the transfer function can be represented by a magnitude |G (jw)|and phase ¢ (jw) as:

G(jw) = 1G(jw)][e/?V) = |G(jw)l/p(w), (22)
where
¢(w) = tan™' (I(jw)/ R(jw)), (23)
and
IGGw)I* = (RGw))?* + (I(w))?. (24)
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Figure 15 shows the frequency response (magnitude and phase) of an example seeker model and tracker when
stimulated by a HMPIM waveform representing a true line of sight rate and measuring the resultant platform rate
command. In the plots below, the frequency response exhibits a phase lag of 90 degrees at approximately 1.8 Hz.
This is the basic measure of merit used to determine the effective system bandwidth.
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" —— Platform Rate Command
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Figure 15. Example seeker model frequency response

Figure 16 depicts how the frequency response®® of the system can be used to determine where the system
dynamics natural frequency lies. In order to determine the natural frequency of the system dynamics, the phase lag
from any pure delays in the measurement must be removed. Based on the processing delay (6,ocessing) Calculated
from the cross correlation analysis discussed in section IV.A, the phase lag due to the processing delay
(9 (@) processing) can be readily calculated as stated in Eq. (25).

qo(w)processing = _w(sprocessing’ (25)

; - | Amplitude of hump dependent on damping ratio

Typical 2" order response
natural frequency of fy ;
and dampingratioof 0.4 | | |

N e i PR J| 80 degrees of phase lag at natural frequency

5/ -

Gommmmme —4 Phase lag of pure delay = - wT

Total phase lag of dynamics + pure delay at fy

=.90-wT il \

Figure 16. HMPIM analyses of Bode plot

Given that each 1% order lag will add 45 degrees of phase lag at the natural frequency, if a quadratic lag is
assumed for the system postulated above, then once the system phase lag is equal to 90 degrees below the phase lag
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attributed to the processing delay, the system dynamic’s natural frequency can be determined. Once the natural
frequency is determined, the damping ratio is determined by the hump in the magnitude plot as shown in Fig. 16.

Figure 17 shows the results of a HMPIM analysis on a sample model of a system with system dynamics
consisting of a quadratic lag with a natural frequency of 10 Hz and a damping ratio of 0.4, measurement noise of 0.1
degrees (16), measurement bias of 0.6 degrees, and a pure delay of 150 msec. Then data were collected at 200 Hz
and the HMPIM waveform used was a frequency sweep for 0.1 to 20 Hz with an n = 1.0 extinction of the signal. A
Gaussian window with o = 1.5 was used in the frequency analyses.

As you can see from the analysis results the noise and bias were predicted within 3% of truth. The pure delay
was predicted perfectly. (Note: the cross correlation’s capability to determine time delay is accurate only to one over
the sample frequency, or in this case to +/- 5 ms.) The system dynamics were assumed to be a second order response
and based on the total phase lag and the processing delay lag, the natural frequency of the system was predicted to
be 9.83 Hz (modeled as 10 Hz). Based on the total system phase lag, the system exhibits a phase response (-90
degrees), or an effective bandwidth of 1.78 Hz. Notice the hump (~ 3 dB above DC) in the magnitude plot which is
indicative of an under damped system (. i.e. a damping ratio < 0.7, and in this case 0.4).

Output vs. Input Transfer Function Bode Plot
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Figure 17. Sample model parameter ID using HMPIM analyses

V. Data Collection and Analyses of AGWT 5-Axis Flight Motion Simulator

A. Data Collection

A study was conducted using HMPIM techniques to characterize the AGWT 5-axis FMS under multiple
conditions of interest. Each axis was driven with: 1) position commands only; 2) position and velocity commands;
and 3) position, velocity, and acceleration commands. In addition each set of tests was run at command frequencies
of 500 and 1000 Hz, both of which are typical update rates for systems tested in the AGWT. The HMPIM
waveforms used for testing were designed to incorporate enough spectral content to determine the bandwidth of the
axis in test as well as stimulate the axis near its velocity and acceleration limits. The azimuth and elevation axes’
velocity and acceleration limits were lowered even further to protect the scene generator carried on these gimbals
which is used to simulate vehicle to target geometry.
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B. Data Analyses and Model Development

Figure 18 depicts the HMPIM waveforms used to stimulate both the azimuth and elevation axes of the FMS and
their respective Bode plots with windowing. The stimuli in both cases sweep frequency from 0.1 to 20 Hz and have
severe extinction of the signal at the higher frequencies to protect the image generator hardware. The expected
performance bandwidths of these axes are 9.5 and 7 Hz respectively as stated back in Fig. 4. The goal is to stimulate
the axes with sufficient signal across the spectrum of interest, in this case up to 10 Hz. As shown in Fig. 18, the
signal level is above 30 dB at frequencies up to 10 Hz. And using a sample rate of 1000 Hz adds an additional 6 dB
of signal. These should be sufficient to allow Fourier analyses over the spectrum of interest.

500 Hertz 1000 Hertz
Signal Input and Bode Plot Signal Input and Bode Plot

1o = lnput

= Input i
Window{scaied 1o signal max)

Window(scaled to signal max)

L

Magnitude (db)

W' o )
Frequency [Heelz]

Figure 18. HMPIM stimuli and Bode plots for Az/El axes at 500 Hz and 1000 Hz

Figures 19 and 20 are the HMPIM analyses for azimuth and elevation axes respectively. Notice how there is
little to no difference in bandwidth determination between the 500 and 1000 Hz update rates for these axes. Also
notice how the performance of these axes differs from the stated bandwidths in Fig. 4. This is expected because the
acceptance tests were done with a different mass and inertia than that of the scene generator presently housed on
these gimbals. Bandwidth is proportional to the torque to inertia ratio of the gimbal and the HMPIM analyses here
highlight an important feature of this parameter identification. Depending on the loads carried by the gimbals, the
table will have differing performance. Also, the plant dynamics will have differing processing requirements in
differing real time simulations. Within less than a minute of HMPIM testing and analyses, the performance
characteristic of all axes of the FMS can be determined based on the loads carried and the update rate of the plant
dynamics. These modeled characteristics of the FMS can now be used in a system level analysis with both hardware
and plant dynamic models to determine whether the FMS performance adversely affects the real time simulation.

15
American Institute of Aeronautics and Astronautics

DISTRIBUTION A. Approved for public release, distribution unlimited. (96 ABW-2013-0227)



500 Hertz

1000 Hertz

L SmER L Transfer Function Bode Plot Output vs. Input Transfer Function Bode Plot
. ﬂ ......... ; ; 10
i _ L _
g % ......... g s —
E b, i 3 2 H ; 30
g H B g ; ! i
o k WUWW £ < ‘ ; § ; $a
- S N S
i n i =
T E ' w ' 0 2 4 5 5 ] 0
Time [sec] Frequency [Hertz] Time [sec] Frequency [Hertz]
Cross Correlation Plot Cross Correlation Plot
12 - ‘ 12 T T T
1 O O S— 1
o ......... _ 08 7
2 Y W ~ I\
/ Dbl:y‘ =0.024 seconds i / Delay = 0.023 seconds é
04 i | — g 04 - ; 2
o // \\ ......... E 02 // ‘ \\ &
5 25 0 0 1 o o« e i 05 0 05 1
Frequency [Hertz] Frequency [Hentz]
Figure 19. Azimuth axis 500 Hz and 1000 Hz HMPIM analyses
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Figure 20. Elevation axis 500 Hz and 1000 Hz HMPIM analyses

Figure 21 shows the HMPIM analyses for pitch and yaw axes of the FMS. Their bandwidths differ from that
stated in Fig. 4 because a different hardware mounting bracket was carried than that of the acceptance test mass.
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Figure 21. Pitch and yaw axes 500 Hz HMPIM analyses

Figure 22 shows how the HMPIM analyses can be used to understand the linear performance range of a system
or subsystem. Stimulating the pitch channel with HMPIM waveforms that drive maximum accelerations to differing
levels will stimulate the nonlinear components of the system. The 8600 deg/sec’ stimuli start to excite the coulomb
and viscous friction aspects of the gimbal during the last %2 second of the test (30 Hz region of the HMPIM). These
nonlinear effects start to reduce the effective bandwidth of the system and our ability to use strictly linear analysis
techniques.
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Figure 22. HMPIM analyses nonlinear example
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Figure 23 is an example of the picket fence effect stated previously in section IV.D.3. Using a higher sample rate
for the analyses allows better HMPIM waveform generation at the higher frequencies as well as resolution in the

Fourier analyses.
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Figure 23. HMPIM analyses picket fence example

Finally, Figures 24 and 25 show the HMPIM analyses results when all axes of the FMS were stimulated with
HMPIM waveforms simultaneously. Note: that with 10 seconds of data collection, all modeling parameters for the
FMS were determined for all axes! Further inspection of the roll axis data and analysis shows that through cross
coupling, the maximum acceleration limits where either exceeded or close to being exceeded. This caused the
HMPIM automated software to calculate a lower effective bandwidth (~22 Hz) because of noise in the phase
computation of the analysis. Closer inspection of the phase plot allows the user to determine a better estimate of

bandwidth to be ~ 33 Hz.

18
American Institute of Aeronautics and Astronautics

DISTRIBUTION A. Approved for public release, distribution unlimited. (96 ABW-2013-0227)



06
H Input
L YT H : Output
0.2 =
£ o -
L B <
Pitch = °* z
04aft--Y- a
Frequency [Hertz]
o
§ g B B
Yaw = 2
100
10°
Frequency [Hertz]
0.8 .
Input
06 Output 0
o4t I 1 e .
0.2 e > PR
ol e
0 i Acceleration Limit % !
0.2 p & -100 i T F 3 32.47
Y: -89.7
04 Il | I” eo . . 4
o 2 4 6 ) p 107 10° 10
Time [sec] Frequency [Hertz]
Figure 24. HMPIM all axes simultaneous analyses (pitch, yaw, and roll)
6 T T H -
Input
Qutput
deeemnnnnnd S-S ST §.
=}
Azimuth 3
T
107" 10° 10
Frequency [Hertz]
g g
Elevation £ S
g £
o
1 1 1 1 -300 smmnndes : wee L
49 2 4 6 8 10 10" 10° 10’
Frequency [Hertz]

Time [sec]

Figure 25. HMPIM all axes simultaneous analyses (azimuth and elevation)
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VI. Conclusions

The HMPIM methodology and analyses developed by AFRL/RW utilizing the AGWT FMS enable the
characterization and model development of differing hardware and software methodologies as well general system
performances. This parameter identification testing methodology coupled with digital signal processing allows the
tester to test and determine salient modeling parameters in less than a minute of testing and analyses. Any hardware
or software algorithm can be analyzed using suitable HMPIM stimuli and the analysis techniques described above
with minimal asset risk and testing time.

References

! Hébert, A., Mackin, P., "Dynamic model development utilizing the Advanced Guided Weapon Testbed facility’s flight
motion simulator at the Air Force Research Laboratory Munitions Directorate”, AIAA Missile Sciences Conference, Monterey,
Ca, 2012.

2 Ewing, C., “The Advanced Guided Weapon Testbed (AGWT) at the Air Force Research Laboratory Munitions
Directorate”, AIAA Modeling and Simulation Technologies Conference, Chicago, IL 2009.

% Crow, D., Coker, C. and Keen, W., "Fast line-of-sight imagery for target and exhaust-plume signatures (FLITES) scene
generation program”, SPIE Defense and Security Symposium, SPIE, Orlando, FL, 2006.

4 Stanley, W.D., Dougherty, G.R., and Dougherty, R., Digital Signal Processing, 2" ed., Reston Publishing Company, Inc,
Reston, Virginia 1984, Chaps. 2, 3, 4, and 5.

% Dorf, R.C., Modern Control Systems, 3™ ed., Addison-Wesley Publishing Company, Reading, Massachusetts 1980, Chaps.
2,3,4,and 7.

6 Ogata, K., Modern Control Engineering, Prentice-Hall, Englewood Cliffs, N.J. 1970, Chaps. 2, 4, 6, 9, and 13.

20
American Institute of Aeronautics and Astronautics

DISTRIBUTION A. Approved for public release, distribution unlimited. (96 ABW-2013-0227)



	Advanced Modeling and System Parameter Identification through Minimal Dynamic Stimulation and Digital Signal Processing
	Advanced Modeling and System Parameter Identification through Minimal Dynamic Stimulation and Digital Signal Processing
	I. Introduction
	II. Advanced Guided Weapon Test Bed Tools
	III. Stimulus Waveform Development
	IV. Model Parameter Identification through Digital Signal Processing
	A. Processing Delay/System Lag
	B. Scale factor and bias
	C. Process/Measurement Noise
	D. Dynamic Response6F
	1. Aliasing
	2. Leakage
	3. Picket Fence Effect


	V. Data Collection and Analyses of AGWT 5-Axis Flight Motion Simulator
	A. Data Collection
	B. Data Analyses and Model Development

	VI. Conclusions
	References

		2014-08-25T10:02:37-0500
	MACKIN.PAUL.R.1038277827


		2014-08-25T11:05:28-0500
	EWING.CRAIG.M.1229434825




