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Abstract

Accurate simulation of repetitive aircraft shock is needed to assess the environmental
adaptability of aircraft equipment, especially at locations close to the excitation source.
Conventional narrowband random-on-random (NOR) testing generates a stationary, ap-
proximately Gaussian waveform. Although its power spectral density (PSD) can satisfy the
prescribed spectrum, it does not reproduce the high peaks, repeated pulse shape, and high
kurtosis observed in near-field aircraft shock. This paper presents a time-domain windowed
pulse (TDWP) synthesis method with a time-frequency joint optimization procedure. A
stationary random carrier is generated from the initial PSD, and a physically motivated
exponential window is used to impose the firing-rate-related pulse pattern. Windowing
changes the spectrum, so a regularized spectral equalization is applied in a closed loop
to bring the PSD of the final waveform back to the target spectrum. The window decay
exponent is selected by minimizing errors in peak and kurtosis while enforcing PSD consis-
tency. One set of field measurements and three laboratory tests were used for validation.
Relative to the conventional method, TDWP reduced the absolute error in maximum peak,
kurtosis, and fatigue-damage-equivalent response by 46.4, 51.2, and 53.9 percentage points,
respectively. The results indicate that preserving the transient pulse sequence can improve
the representation of near-source repetitive aircraft shock while maintaining the prescribed
spectral requirement under the investigated conditions.

Keywords: repetitive aircraft shock; time-domain windowed pulse (TDWP); time-
frequency joint optimization; power spectral density; waveform synthesis; fatigue damage

1. Introduction

Repetitive aircraft shock is a recurrent environmental load during flight operations
and can affect both the structural integrity and functional reliability of airborne equipment.
In contrast to an isolated shock event, the response generated by repeated gunfire is char-
acterized by large amplitudes, short-duration individual events, and successive transient
pulses. These features are particularly evident at locations close to the excitation source,
where the transmitted shock pulses remain distinguishable and may contribute to chafed
wiring, loosened fasteners, intermittent contacts, electrical shorts, and local structural
damage [1,2]. With increasing equipment integration and the use of high-rate weapons
on modern aircraft platforms, reliable laboratory reproduction of repetitive aircraft shock
has therefore become increasingly important. For such environments, a representative test
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waveform should satisfy not only the prescribed spectral requirement but also the temporal
pulse characteristics that govern the local structural response and accumulated damage.

Existing synthesis procedures for repetitive aircraft shock can be broadly classified into
time-domain reconstruction and frequency-domain synthesis approaches. The first group
uses time-domain models based on shock physics, with damped sinusoids, wavelets,
or other physically interpretable basis functions. Examples include orifice-damping
shock generators for half-sine pulses [3,4], deep-learning restoration of incomplete shock
records [5], and field measurements used as benchmarks for model development [6]. Direct
time-waveform replication and statistically generated repetitive pulses described in stan-
dards [1,2] closely follow the measured environment [7,8], but they require representative
measurements, which are expensive and difficult to obtain during early aircraft develop-
ment. Other time-domain procedures focus on isolated standard pulses and therefore do
not directly address repetitive shock responses composed of repeated transient pulses. The
practical difficulties encountered when measured aircraft shock sequences are analyzed
and reproduced in the laboratory have also been discussed by Sherf et al. [9].

The second group starts from a frequency-domain specification, usually an SRS or
a PSD. Repetitive-SRS and high-level random-vibration procedures are widely used be-
cause they can be implemented with existing shaker controllers. Recent studies have ad-
dressed time-frequency reconstruction [10], data-driven specification generation [11-14], re-
sponse prediction using extended operational transfer path analysis [15,16], and waveform-
dictionary assembly of excitation events [17-19]. Damage-equivalent synthesis of sine-
on-random profiles for accelerated life testing has also been reported [20]. PSD-based
procedures generally generate a stationary Gaussian carrier and can reproduce the average
spectral energy, but they provide limited direct control of peak values, kurtosis, and pulse
timing [21-24]. This limitation becomes particularly relevant near the excitation source,
where individual transient pulses remain visible and the response sequence may have a
significant influence on structural fatigue damage [25].

The research gap is therefore not the lack of either time-domain or frequency-domain
synthesis techniques, but the absence of a simple parameterized waveform-synthesis
framework that can preserve repeated transient pulse characteristics while maintaining
compatibility with a prescribed PSD-based test requirement. Direct time-waveform repli-
cation can reproduce a measured response sequence with high temporal fidelity, but the
resulting test input is strongly dependent on the availability and representativeness of the
measured record. Moreover, changing the target environment or measurement location gen-
erally requires a new representative record, and the spectral and temporal requirements are
not independently parameterized. In contrast, conventional PSD-based synthesis provides
explicit control of the target spectral energy and is compatible with established shaker-
control procedures, but the resulting stationary waveform does not explicitly preserve the
pulse sequence, peak distribution, or higher-order temporal characteristics observed in
near-source repetitive aircraft shock. The key challenge is therefore to combine the spectral
controllability of frequency-domain synthesis with explicit and physically interpretable
control of the repeated transient pulse structure.

To address this gap, the present study proposes a time-domain windowed pulse
(TDWP) synthesis procedure with constrained spectral-temporal optimization. The es-
sential difference between TDWP and direct time-waveform replication is that TDWP
does not use the measured acceleration record directly as the final test input. Instead, a
stationary stochastic carrier is first generated from the target PSD, and an explicitly param-
eterized exponential pulse window is then introduced to impose the repeated transient
pulse structure. Because window modulation redistributes spectral energy, the PSD of
the windowed waveform generally deviates from the prescribed target. TDWP therefore

https://doi.org/10.3390/aerospace13100934


https://doi.org/10.3390/aerospace13100934

Aerospace 2026, 13, 934

3 0f27

introduces a closed-loop frequency-domain compensation procedure that corrects the PSD
distortion after windowing and operates on the final synthesized waveform rather than on
the unmodulated carrier alone. The decay exponent of the pulse window is identified from
measured pulse envelopes and optimized using time-domain pulse features, while the final
waveform is constrained simultaneously by PSD consistency, temporal-feature matching,
and shaker velocity and displacement limits. In this way, TDWP separates the stochastic
spectral carrier from the physically identified pulse envelope and provides independent,
interpretable control of the two aspects of the excitation.

The proposed procedure differs from existing approaches in three specific respects.
First, unlike direct time-waveform replication, which reproduces a measured record as a
whole, TDWP reconstructs the waveform from a target PSD and a parameterized pulse
envelope, allowing the spectral and temporal characteristics to be controlled separately.
Second, unlike conventional PSD-based synthesis, which primarily constrains average spec-
tral energy, TDWP explicitly identifies the pulse-envelope parameter from the measured
transient response and therefore preserves peak and higher-order temporal characteristics
while restoring the target PSD after modulation. Third, unlike time-domain randomization
and related non-Gaussian synthesis techniques [21,22], in which temporal non-stationarity
is generally obtained through iterative statistical matching, TDWP introduces a physically
motivated and independently fitted exponential envelope as an explicit waveform param-
eter. This separation allows the contributions of spectral matching and temporal pulse
preservation to be evaluated independently.

Accordingly, the main contribution of this work is a constrained TDWP synthesis
procedure that integrates PSD-controlled stochastic excitation, physically identified pulse-
envelope modeling, and closed-loop spectral compensation within a unified framework.
First, the stochastic carrier is separated from the deterministic pulse envelope, and the PSD
distortion introduced by window modulation is explicitly compensated so that the final test
input, rather than only the initial carrier, satisfies the prescribed PSD requirement. Second,
the pulse decay exponent is identified from measured envelopes and selected through a
transparent parameter search based on peak and kurtosis errors rather than fixed a priori.
Third, the proposed waveform is evaluated at three levels—acceleration waveform charac-
teristics, PSD consistency, and specimen fatigue response—using one field measurement
dataset and three laboratory tests. The method is intended for near-source repetitive aircraft
shock environments in which repeated transient pulses remain clearly distinguishable.
The novelty therefore lies not in introducing a new optimizer or spectral estimator, but in
explicitly separating the spectrally controlled carrier from the physically identified pulse
envelope and integrating them through a closed-loop compensation procedure at the level
of the final test input.

The remainder of this paper is organized as follows. Section 2 presents the wave-
form formulation, identification of the pulse-window parameters, joint optimization, and
experimental arrangement. Section 3 presents the time-domain, frequency-domain, and
response-level comparisons, followed by discussion of the physical interpretation, the
distinction between specification error and synthesis error, and the applicability boundaries
of the proposed method. Section 4 summarizes the main conclusions.

2. Methods
2.1. Overall Procedure

Figure 1 summarizes the synthesis procedure. The aircraft installation environment is
first characterized from the dynamic pressure and its attenuation along the propagation
path. This analysis motivates the use of an exponentially decaying pulse envelope. The
spectral specification is then converted into broadband and narrowband PSD parameters,
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and a stationary random carrier is generated by spectral representation. In parallel, the
pulse-window parameters are obtained from measured envelopes or from scenario esti-
mates. The carrier is multiplied by the window train to create the pulse-bearing waveform.
Since this operation redistributes spectral energy, the modulated record is passed through
a closed-loop frequency-domain correction so that the PSD of the final record returns to
the prescribed target. The window parameters and correction spectrum are updated until

the spectral and temporal criteria, together with shaker velocity and displacement limits,
are satisfied.
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Figure 1. The aircraft shock synthesis procedure.

The exponential window is applied to a carrier generated from the initial PSD. The
carrier and the final waveform therefore have different roles: the carrier supplies the
starting spectral realization, whereas the compensated, windowed waveform is the test
input and is required to satisfy the target PSD. The window decay parameter mainly
changes the concentration of energy in each pulse and consequently affects peak value,
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RMS, and kurtosis. The compensation loop removes the associated spectral deviation after
each window update.

The formulation is intended for locations where successive shock events remain
distinguishable. The observed severity depends on the aircraft platform, installation
position, excitation energy, propagation distance, and firing rate. These factors influence
both the spectral level and the pulse envelope. The method uses the firing rate to set the
repetition period and uses the fitted window duration and decay exponent to represent
the pulse shape. At locations farther from the source, structural filtering tends to smear
the pulses; the window modulation then becomes weak and the method approaches the
conventional random-vibration representation.

2.2. Synthesis of Shock Waveforms

The propagation of a blast pressure wave in a dissipative medium is governed by the
damped wave equation [26,27]:
azl—czvzpmal:o 1)
ot2 ot
where p is the pressure, c is the speed of sound and 7 is the dissipation coefficient.
The propagation model describes the spatial attenuation and propagation delay sepa-
rately. The pressure-like transient disturbance is written as [28]:

plx,t) = ps(t — S )™ 2)
where p(x,t) is the pressure at propagation distance x and time f; p;(t) is the source transient
waveform; c is the propagation velocity, and « is the spatial attenuation coefficient. The
exponential term represents the amplitude reduction accumulated along the propagation
path, whereas  represents the propagation delay.

At a fixed measurement location xp, Equation (2) becomes:

p(xo,t) = Aops(t — to) 3)

where Ag = poe~** is the pulse amplitude at xo, fp = “2 is the propagation delay at x.

Thus, spatial attenuation determines the amplitude scaling at the measurement lo-
cation, while the temporal decay of an individual measured shock pulse is described
separately by a local response envelope:

pr(1)=Ae PTH(T), T=t—1>0 4)

where A is the pulse amplitude, t; is the pulse arrival time, f is the temporal envelope
decay rate, and H(7) is the Heaviside step function. The parameter § is identified from the
measured upper and lower pulse envelopes and therefore represents the decay of the local
structural response after pulse arrival. It is not assumed a priori to be equal to ac. This
separation avoids conflating propagation attenuation with temporal response decay and
provides a directly measurable parameter for the subsequent TDWP construction.

2.2.1. Spectral Parameter Identification

The stationary carrier is generated from the target PSD using the discrete spectral
representation and random phases. Let x(t) denote the stationary carrier and w(t;0,) the
deterministic multi-pulse exponential window. The principal TDWP component before
optional low-frequency correction is:
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y(t) = w(t;0,)x(t) (5)

Because the deterministic pulse window is time-varying, y(t) is generally non-
stationary and, for a periodic pulse train, can be regarded as a cyclostationary process.
Therefore, the term PSD used in this work does not denote an ensemble PSD of a stationary
output process. Instead, it denotes the finite-record, Welch-estimated time-averaged PSD of
the synthesized acceleration record, which is also the spectral quantity used for the closed-
loop comparison with the target PSD. For clarity, PSD of the windowed or final waveform
throughout this paper refers to its finite-record Welch estimate, unless otherwise stated.

For a finite record of duration T, let Wr(f) denote the Fourier transform of the deter-
ministic window. Using the spectral representation

w(t) = [~ ePaz(f) ©

—00
The Fourier transform of the windowed component is:

Yor ()= [ Wr (f—v)dZ() )

—00
For the stationary carrier, the spectral increments satisfy:

E{dZ(v)dZ*(n)} = Gx (v)o(v — pw)dvdu (8)

and therefore the expected finite-record spectral density of the windowed process is:

() = 7 [ Gulw) | Wr(f = v) [ o)

Defining the spectral redistribution kernel

Ki(f) = 7 | Wr(f) P (10)
Equation (10) can be written as
Gy () = Ga(f) * K1 (f) 1)

Gx (f ) = Gtarget (f )

where, (*) denotes convolution.

Thus, multiplication by the deterministic pulse window in the time domain produces a
convolution-type redistribution of the carrier spectral energy in the frequency domain. For
an approximately periodic pulse window with repetition frequency f,, w(t) = ¥ ¢,,e/2™"f,

m

the corresponding time-averaged spectrum can be expressed as
GV (f) = 2Galf - 12
v (f) Z|CM| «(f —mfr) (12)
m

Showing explicitly that the pulse modulation redistributes energy among neighboring
frequencies and repetition-frequency harmonics.

In the numerical implementation, the PSD of each finite synthesized record is estimated
using Welch averaging:

) & |EEb ulnlys e

C;/Velch (f) _ < Z

13
= FsXnzg w2ln] o
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where K is the number of Welch segments, L is the segment length, and u[n] is the Welch
analysis window. This finite-record estimate is the PSD quantity used throughout the
optimization and validation.

Window modulation changes the PSD because it transfers energy between neighbor-
ing frequencies and between the firing-rate harmonics. A compensation filter is conse-
quently designed so that the corrected waveform has the same target PSD as the original
test specification.

z(t) = y(t) * m(t) (14)
G=(f) = Gy(f) - | M(F)12 = [Grarget(F)x | W(F) 12] - 1 M(f) 12 (15)

where * denotes time-domain convolution and M(f) is the Fourier transform of m(t), G(f)
is the PSD of z(f).
Therefore, the target equation is as follows:

Gz(f) = Gtarget(f) (16)
[Gtarget(f)* | W(f) l 2] . |M(f) |2 = Gtarget(f) (17)
VI e —— L (19

- Gtarget(f) * ‘W(f)|2

A regularized frequency-domain compensation is used for the compensation filter to
limit amplification at frequencies where the measured or estimated spectrum is small. The
regularization term provides a stable solution in the presence of measurement noise and
finite-record variability.

X
M(p = 22U (19)
IW(HI" +e
where the superscript * denotes complex conjugation and the regularization parameter
controls the trade-off between spectral fidelity and noise amplification, and e prevents
excessive amplification near spectral nulls.

2.2.2. Time-Domain Window Parameter Identification

The exponential window is motivated by the decay of a damped structural response
after a short pressure or recoil impulse [29,30]. At a fixed measurement location, the pulse
amplitude decreases with the combined effects of structural damping and propagation.
Under repeated excitation, this response appears as a sequence of similar pulses. The
window is therefore parameterized by a decay rate and a finite duration, with the firing
rate providing the pulse repetition period.

Np
w(t;8,) = Y Are PUTW [Hy(t — ty) — H(t — t — Ty) (20)
k=1
0 = {Ap ti} o/, U{B, Tw} 1)
1L,0<1<Ty
He(t) = H(t) — H(t - To ), Ho(T ) = { . Other;ise 22)

where 0, is the temporal feature vector, N, is the number of pulses, Ay is the pulse ampli-
tude, t; is the pulse arrival time, B describe the average decay rate, Hy(t) is a finite-duration
pulse window, Ty, is the duration of a single pulse window. For the basic TDWP model, all
pulses share a common mean shape.
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The window parameters are identified from measured records or estimated from the
test scenario. Individual pulses are segmented using the measured firing period, and their
upper and lower envelopes are fitted by least squares. The median fitted decay rate is
used as the common value for the record; the spread of the fitted values is retained as an
indicator of pulse-to-pulse variability. This treatment avoids fitting an independent decay
constant to every random realization. The fitted exponential exponent in the measured
envelope is approximately —5 to —1; therefore, the positive decay-rate parameter used in
Equation (21) is bounded by 1 < B < 5. The window duration is constrained by 0 < T, <
Ty, where T, is the pulse repetition interval.

2.2.3. Joint Optimization and Closed-Loop Update

The synthesized waveform parameters are determined from a constrained optimization
in which the final PSD and the time-domain pulse features are considered simultaneously:

ming | = Jpsp + AtJtime

23
s.t. max|v(t)| < vmax, max|d(t)|< dpax (23)

where 0 is the vector of design variables, Jpsp denotes the spectral matching objective,
Jtime represents the time-domain pulse-feature objective, and | is the total objective; A; is
the dimensionless weight coefficient used to balance the contribution of the time-domain
features; v(t) and d(t) are obtained by single and double numerical integration of the
acceleration record, and vy, and d,;,; denote the allowable shaker limits.

Because both Jpsp and Jiime are constructed from tolerance-normalized residuals, their
values are dimensionless and can be balanced directly without introducing unit-dependent
scaling. To improve reproducibility, A; is selected according to the relative magnitude of
the two normalized objective terms at initial waveform. The initial balancing coefficient is

Jpsp (9(0)>
Jtime (9(0)> +e

calculated as

A = (24)

where 0¥ is the initial waveform parameter vector and ¢ is a small positive constant
introduced to avoid division by zero. Considering that excessive weighting of either
objective may cause deterioration of the other constraint, the final coefficient is limited
within a practical range:

At = min {2.0, max (0.5, AEO))} (25)

A value of A; close to unity indicates approximately equal importance between PSD
matching and pulse-feature preservation. A larger value emphasizes transient characteris-
tics, while a smaller value prioritizes spectral consistency. This parameter-selection strategy
provides a defined procedure for determining the weighting coefficient for different wave-
form specifications.

The target PSD Gtarget(f) can be obtained either from measured field vibration data
or from an applicable vibration specification. For each candidate waveform, the PSD
is estimated using Welch averaging to reduce random estimation errors. The spectral
mismatch is expressed in decibel form:

A

ec(f) = 10["81()(;[2(‘3:2]:) (26)

where G(f) is the estimated PSD of the synthesized waveform. The logarithmic represen-
tation converts the spectral deviation into a dimensionless quantity, allowing errors from
different frequency bands to be compared directly.
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The PSD objective function is defined as:
N 2
1< G(ec(fi)
Jpsp = ) w (
Ny k; K\ og
G 1 gf: G
Nfo

where Ny is the number of frequency points, w® is the frequency-dependent weighting
factor, and é¢ is the allowable PSD tolerance. In this study, é is typically selected as 3 dB
according to commonly used vibration qualification criteria. The weighting coefficient w¢
can be adjusted when specific frequency bands require additional emphasis.

The temporal feature vector includes peak acceleration, RMS, and kurtosis; pulse
duration and repetition interval can be added when these quantities are available from the
field record.

N, 2
o 1 < g qr — qrtar
Jtime = ﬁqz wy <54r

wl >0, —Y wl =1 (28)

where Nj is the number of time-domain features, w] is the feature-specific weighting factor,
gr and gr tar are the generated and target values of the r-th feature, respectively, and dg; is
its allowable tolerance. The target feature values and their tolerances are obtained from
measured records whenever possible. If no field record exists, they are estimated from
applicable standards, empirical prediction models, or comparable weapon-system data.

The above weighting strategy makes the selection of A; reproducible while retaining
flexibility for different test requirements. In particular, increasing A¢ within the prescribed
range places greater emphasis on preserving transient pulse characteristics, whereas de-
creasing it gives relatively greater emphasis to matching the target PSD. The shock response
spectrum (SRS) is calculated from the final PSD or time history as a response check and is
not introduced as a separate correction loop.

The optimization follows an alternating closed-loop update. At iteration i, the current
waveform is first evaluated in the frequency and time domains. The PSD residual is used
to update the frequency-domain compensation, and the temporal-feature residual is used
to update the pulse-window parameters. The updated waveform is then evaluated again,
and the total objective is monitored. The iteration is terminated when

‘](iﬂ) — @

' < geono 29
gl < >

where s‘j"”” =103 and i,y = 50.

2.3. Experimental Measurement Method
2.3.1. Measurement of Field Aircraft Shock

A field measurement was conducted for a specific aircraft type at a firing rate of
27 rounds per minute. The sensor was installed at position A, approximately 1.6 m from
the excitation source, at the junction of a fuselage frame and a beam. The relatively high
local stiffness at this position allowed the global aircraft-shock response to be recorded. All
instruments were calibrated and within their validity periods.
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The purpose of the flight measurement was to obtain a reference record for comparing
the conventional NOR waveform with the TDWP waveform. Measurements were made
in Shenyang, China. Before flight, the acceleration sensor, battery, and acquisition unit
were integrated and configured on the ground, as shown in Figure 2 and Table 1. During
the sortie, the system operated in autonomous logging mode and recorded the shock
response continuously.

]

E Parameter
configuration

‘ On aircraft 1

acceleration

/—'—\ Sensor at positio;
KAM-500 Data \ © 1
‘ acquisition 0 7VN i
instrument [ Gu !
. ‘ ) !
R i
Battery ‘ !

A

) .

W (— Acceleration sensor

(b)

Figure 2. Measurement system for aircraft shock environment. (a) Diagram. (b) Photo.

Table 1. Measurement instrument parameters.

Instruments Models Parameters

Data acquisition instrument KAM._SOO (Curtiss-Wright Corporation, Sample rate: 12,800 Hz
Dublin, Ireland)

Battery DH15206 (Donghua Testing Technology Co., 148V, 6.6 Ah

Ltd., Jingjiang, Jiangsu, China)

Acceleration sensor

1A341E (Donghua Testing Technology Co.,

Ltd., Jingjiang, Jiangsu, China) 1000 g, 2 Hz~10,000 Hz (+10%)

The field-measured record served as both the source of temporal parameter identi-
fication and the reference for evaluating the synthesized waveform in the present study.
Pulse envelopes were extracted from the measured record and used to identify the expo-
nential decay characteristic, while the final TDWP waveform was subsequently compared
with the same record in terms of time-domain, frequency-domain, and structural-response
characteristics. This design was adopted because only one field measurement dataset was
available. The resulting comparison should therefore be regarded as a validation under
the investigated configuration rather than as an independent out-of-sample assessment.
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Since the TDWP model uses a small set of parameterized pulse characteristics rather than
direct sample-by-sample waveform replication, the calibration process does not reproduce
the exact random fluctuations of the measured record. Nevertheless, independent-record
validation is required to assess the transferability of the identified parameters and will be
considered in future work.

2.3.2. Experimental Validation Method

All three laboratory test runs were conducted over the same frequency range of
10 Hz-2000 Hz, while three different excitation conditions were applied using the same
shaker system, the same specimen, and the same measurement configuration. The purpose
of using three excitation conditions was to examine the response characteristics of the
conventional NOR and proposed TDWP excitations under different prescribed excitation
states, rather than to constitute three statistical repetitions of an identical test condition.

For all three test runs, the specimen installation, shaker, controller, acceleration sensors,
strain gauges, and measurement locations were kept unchanged. The schematic diagram
of the test principle is shown in Figure 3, and the specimen installation status is shown in
Figure 4. Acceleration was measured at the shaker control point V1 and at the specimen
monitoring point V2. Synchronous strain measurements were obtained at the lower and
upper stress-concentration locations, S1 and S2. These channels provided the acceleration
and structural-response data used for evaluating waveform consistency and fatigue-related
response differences.

|:| Test specimen Annotation
y) °
@q: V1-Vibration control point
V2-Vibration monitor point
S1-Strain measured point 1
Power Shaker 52-Strain measured point 2
amplifier
Pulse response Reference pulse

Computer  Vibration / strain Vibration TXT
acquisition instrument  controller

Figure 3. Schematic diagram of the test principle.

B st specimen |

S
Figure 4. Specimen installation status.

Because each excitation condition was tested once, the present experiments are in-
tended primarily to evaluate the response under different excitation conditions rather than

https://doi.org/10.3390/aerospace13100934
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to provide a statistical estimate of repeatability under an identical condition. Nevertheless,
using the same shaker, specimen, installation configuration, and measurement system
for all three runs minimizes variations associated with specimen preparation and test
configuration and provides a consistent basis for comparison.

The specific excitation conditions are summarized in Table 2, including the excitation
waveform, excitation level, test duration, and corresponding test condition. The detailed
parameters of the test instruments are listed in Table 3.

Table 2. Summary of the three laboratory test conditions.

Test Excitation Waveform Specimen Frequency Range Test Duration
Test 1 The field measured waveform Same specimen 10 Hz-2000 Hz 60s
Test 2 The conventional NOR waveform Same specimen 10 Hz-2000 Hz 60s
Test 3 The TDWP waveform Same specimen 10 Hz-2000 Hz 60 s

Table 3. Test instrument parameters.

Instruments Models Parameters
Shaker "{1"}28(32;) (Unholtz-Dickie Corp., Wallingford, CT, 15,000-25,000 Ibf (67-111 kN))
Controller Sgi))( SL (Unholtz-Dickie Corp., Wallingford, CT, 16 input channels

Data acquisition instrument

Acceleration, DH 5916B-1I (Donghua Testing
Technology Co., Ltd., Jingjiang, Jiangsu, China)
Stress, DH 5921 (Donghua Testing Technology
Co., Ltd., Jingjiang, Jiangsu, China)

Sample rate: 12,800 Hz

Sample rate: 5000 Hz

Acceleration sensor 4371 V (Briiel & Kjeer, Neerum, Denmark) 6000 g, 0.1 Hz~12,600 Hz (+10%)
BE-120-3AA (AVIC Electronic Measuring

Stress Instruments Co., Ltd., Hanzhong, Shaanxi, Resistance value: 120.4 + 0.1 Q)
China)

For the fatigue comparison, the measured strain was converted to stress using the
material properties of the critical specimen locations: the specimen material was Q235
structural steel. Before testing, the specimen geometry, surface condition, installation state,
and fastening condition were kept consistent among all laboratory runs. The strain gauges
were installed at the designated stress-concentration locations S1 and S2. No visible damage
or permanent deformation was observed before the start of each test.

The maximum, mean, and RMS stress ranges, together with the damage-equivalent
stress range, were then calculated following the standard load-spectrum-based approach
used for fatigue life prediction and damage assessment under random loading [25,31].

Fatigue-damage analysis was conducted as a comparative stress-life calculation. The
strain histories measured at the critical stress-concentration locations were converted to
nominal stress histories using the linear elastic relation:

5(t) = Ee(t) (30)

where E = 206 GPa is the elastic modulus of the Q235 structural steel used in the specimen.

The adopted S-N curve shown in Figure 5 was used to provide a consistent stress-life
relationship for comparing the NOR and TDWP excitations under identical specimen and
test conditions. No independent constitutive identification of plastic deformation was
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performed; therefore, plastic strain is not explicitly modeled in the present calculation.
The resulting damage-equivalent quantity should accordingly be interpreted as a compar-
ative fatigue-response metric rather than an absolute elastoplastic low-cycle fatigue-life
prediction [32].

S (Stress)

A

A
Ultimate strength

N-Se=C
1 lgN+a-1gS=IgC

a

S/' ————————————————— e >

B
Fatigue limit

>
»

N (Cycle number)

n; N; N/

Figure 5. Adopted S-N curve for the comparative fatigue-damage analysis.

The resulting stress histories were then segmented into individual response cycles, and
the stress-range distribution was obtained for each excitation waveform. The cumulative
fatigue damage was evaluated using the adopted S-N relationship in Equations (31)—(33).

Ncycle -§*=C (31)
Nj- S =C=N;- S (32)
N,-§% G, &
A B N
Ni= g = Ny () (33)

where N, is the number of cycles in the plastic deformation interval of the S-N curve, S
is the stress amplitude within that interval, and « is the material fatigue exponent, i.e., the
absolute slope of the S-N curve in double logarithmic coordinates, C is a constant, Ny is the
number of cycles at the fatigue limit S, N; is the fatigue life in cycles corresponding to the
stress amplitude S;, and #; is the actual number of cycles counted at that amplitude in the
measured or synthesized stress history.

The pair (S;, n;) is obtained from the stress history by rain-flow counting; the counting
is applied to the strain-derived stress record of each pulse sequence, so that the stress-
range distribution entering Equation (27) contains both the large cycles associated with the
individual pulses and the small cycles contained within each pulse. The cumulative fatigue
damage is equal to the sum of all single fatigue damages:

n; n; n, ,$;%
Dj=-—+t=—1_=_"1L. (2 (34)
. S
m moog. moog. g, &
Da=) D=y (M)=Y (M (3)) @)
Lo L) =L
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where D; is the fatigue damage caused by the i-th stress-range level; Da is the total accumu-
lated fatigue damage calculated by Miner’s linear cumulative damage rule; and m is the
number of stress-range levels.

It should be noted that the present calculation is intended to quantify relative fatigue-
damage equivalence between the two excitation waveforms, rather than to provide an
absolute elastoplastic low-cycle fatigue-life prediction. The linear strain-to-stress conversion
is therefore used as a nominal stress transformation under the adopted elastic modulus. No
independent constitutive identification of plastic deformation was performed in the present
study. Accordingly, the calculated damage-equivalent quantity should be interpreted as
a comparative response metric for evaluating whether the temporal pulse structure of
the synthesized waveform produces a fatigue response closer to that associated with the
measured repetitive aircraft shock.

Let P; and V; denote the positive peak and absolute valley of the i-th measured pulse,
and let p; and v; denote the corresponding quantities from the synthesized record. Errors in
the maximum pulse peak, mean pulse peak, kurtosis, and cumulative fatigue damage are
calculated from these sets. The four error metrics of Equations (36)—(39) are all non-negative
relative errors and are to be read as absolute-value forms.

max(p1, p2, - PN V1,02, -+ ,UN)

100% 36
max(Py, Py, - - Pn; Vi, Vo, -+, V) 8 (36)

Error_max = ‘1 —

avemge(Plr PZ/ e pN/ 01,02, /UN)
E =1|1-— 100% 7
rror_average ‘ aoerage(Py, Py, -~ Pa; Vi, Vo, -, Vi) x 100% (37)
k_sythesi
Error_kurtosis = ’1 - % % 100% (38)
Error_fatigue = ‘1 - D[-)Si/ﬁt,if;” % 100% (39)

The NOR and TDWP excitations were evaluated using the same shaker system,
specimen configuration, measurement arrangement, initial PSD specification, and signal-
processing procedure. Both excitation records were processed over the same frequency
range of 10-2000 Hz before comparison. Acceleration was measured at both the shaker
control point V1 and the specimen monitoring point V2, while synchronous strain mea-
surements were obtained at S1 and S2. The use of the same hardware and specimen config-
uration minimizes experimental variability between the two excitation methods. However,
the two methods employ different controller strategies, namely spectrum-based control
for NOR and time-waveform replication for TDWP. Therefore, the present comparison
evaluates the combined effect of excitation waveform synthesis and its associated control
implementation. The measured V1 signal represents the realized shaker control-point
acceleration and is distinguished from the commanded waveform.

3. Results and Discussion

The broadband and narrowband components of the initial spectrum were calculated
from the pulse rate, equipment mass, standoff distance, and vector distance using the
empirical relations for broadband and narrowband gunfire vibration given in MIL-STD-
810H Method 519 and GJB 150.20A [1,2]. The resulting spectrum is shown in Figure 6.
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Figure 6. Initial spectrum.

Using the same initial spectrum, the conventional NOR procedure and the TDWP
procedure were used to generate continuous-shock time histories. After band-pass filtering
from 10 to 2000 Hz, the records were compared with the field measurement in terms of
peak, RMS, kurtosis, PSD, and fatigue damage. The acceleration histories at position A are

shown in Figure 7.

a C T T T T T T T T ]
=4
el
®
Q2
@
Q
o - i
< 1 1 I | 1 | 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(s)
(a)
o[ T T T T T T T T ]
=4
=]
<
Q
[J]
Q
o+ _
<C 1 1 1 1 1 1 1 L 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Acceleration(g)

1 1 1 1 1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(s)

(©)

o

Figure 7. Comparison of the acceleration time waveforms. (a) The field measured waveform at
position A; (b) the conventional NOR waveform; (c) the TDWP waveform proposed in this work.

3.1. Analysis of Time-Domain Characteristics

A typical field-measured aircraft shock waveform is presented in Figure 8a. Each
individual pulse exhibits a consistent duration and a pronounced decaying trend. The
upper and lower envelopes of the time-domain waveform can be extracted, as illustrated
in Figure 8b. These envelopes resemble an exponential window, as shown in Figure 8c. The
record is statistically symmetric about zero: the upper and lower envelopes have compara-
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Acceleration(g)

Acceleration(g)

ble magnitudes and comparable decay rates, so the same window shape can be applied to
the positive and the negative half-cycles of the signal. The points (x;, y;) on the envelope
curve are fitted using the least-squares method according to the following equations:

y=a~eb‘x (40)
Imy=na+b-x (41)
Y=Iny,A=lna, Y=A+b -x (42)
S=Y[Yi— f(x)) (43)

i=1

Acceleration(g)

L L L L L L
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bix [ Distribution of b
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(©) (d)

Figure 8. Comparison of the envelope with the exponential window. (a) Typical repetitive aircraft

shock waveform. (b) Envelope of the shock pulse, where the different colored solid lines represent
the repeated pulses recorded within a single test run, and the red dashed lines denote the upper and
lower envelope curves. (c) Single exponential window. (d) Distribution of b.

The fitted decay exponent generally lies between —5 and —1 (Figure 8d). Its variation
from pulse to pulse is consistent with the stochastic nature of the structural response. Faster
decay is associated with stronger damping or a longer propagation path, whereas slower
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decay is expected closer to the excitation source. This physical interpretation supports
using the fitted exponent as the principal window parameter in the optimization.

The fitted range should be read with caution. It was obtained from a single configura-
tion, one measurement position and one firing rate, and the number of segmented pulses is
limited, so the interval —5 <b < —1 describes the present dataset rather than the complete
family of repetitive aircraft shock environments. Faster decay, and therefore lower b, would
be expected at positions further from the source or on softer structural paths, whereas
slower decay is expected very close to the excitation. Extending the fitted range will require
measurements on other platforms, positions and firing rates, and the value of b should in
each case be re-identified rather than extrapolated.

Repetitive aircraft shock is described here by the individual pulse peaks and valleys,
together with the record-level RMS and kurtosis. The field and TDWP records were
segmented into individual pulses, and the resulting peak and valley sequences at position
A are compared in Figure 9.

I I
Field measured data — — -TDWP
» Filed-Peaks «  TDWP-Peaks
# Field-Valleys TDWP-Valleys

P2 P16 _

A N? eﬂ”'

"' I i i o

“' j I l‘ I‘[ ||.HI

Acceleration(g)

| | | | | | l | |
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9
Time(s)

Figure 9. Comparison of the pulse peak (P;) and valley (V;) sequences of the field measurement
at position A with the corresponding sequences (p;, v;) of the synthesized TDWP waveform. Each
sequence is identified in the legend.

3.2. Analysis of Frequency-Domain Characteristics

The PSDs of the NOR and TDWP records were estimated using the same Welch
procedure and are compared with the prescribed target PSD in Figure 10. The comparison
is performed over the 10 Hz-2000 Hz frequency range used in the laboratory validation.

Both NOR and TDWP remain within the prescribed 43 dB tolerance band relative to
the target PSD. For a quantitative assessment, the PSD residual defined in Equation (26) is
used to calculate the mean absolute error (MAE), root-mean-square error (RMSE), and the
percentage of frequency points within the £3 dB tolerance band:

1 f
Emag = ﬁfk:21|ec(fk)| (44)
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: % & (fi) (45)
Ermse = £| 7 2 ec Uk 45
Nf= ¢
N
Pasgp = — SIS 4009, (46)

f

The corresponding quantitative results are summarized in Table 4. These indicators
provide a direct numerical measure of the spectral agreement and complement the visual
comparison in Figure 10. The NOR waveform gives a PSD MAE of 1.18 dB and an RMSE of
1.36 dB, whereas the corresponding values for TDWP are 1.12 dB and 1.30 dB, respectively.
Thus, the TDWP waveform reduces the MAE by approximately 5.1% and the RMSE by
approximately 4.4% relative to NOR. For both waveforms, 100% of the evaluated frequency
points fall within the prescribed £3 dB tolerance band.

— — —NOR 1l M
TDWP |
—e— Initial PSD

PSD (g?Hz)

Frequency (Hz)

Figure 10. Acceleration PSD at position A. The initial target spectrum, and the PSDs of the NOR and
TDWP records are shown together.

Table 4. Quantitative comparison of PSD matching performance.

Waveform PSD MAE (dB) PSD RMSE (dB) P 545(%)
NOR 1.18 1.36 100
TDWP 1.12 1.30 100

The relatively small difference between the two PSD error levels indicates that in-
troducing the exponential pulse window does not cause a substantial deterioration in
the frequency-domain agreement after compensation. This is an important feature of the
TDWP procedure because the window modulation is intentionally introduced to reproduce
the repeated transient pulse characteristics in the time domain, which inevitably redis-
tributes spectral energy. The subsequent closed-loop frequency-domain compensation
effectively offsets this redistribution and restores the final TDWP waveform to the target
PSD. Therefore, the improved temporal characteristics of TDWP are obtained without
sacrificing compliance with the prescribed spectral requirement.

It is also noteworthy that the PSD improvement of TDWP over NOR is modest
compared with the much larger differences observed in the time-domain peak and kurtosis
characteristics. This result is consistent with the intended role of the proposed method. The
primary advantage of TDWP is not to replace the conventional PSD-matching capability,
but to retain the same level of spectral consistency while introducing explicit control of
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the transient pulse structure. In this sense, the PSD results provide evidence that the time-
domain windowing operation and the frequency-domain compensation can be effectively
integrated within a single synthesis framework.

3.3. Comparison with the Conventional Method

The comparison considers both signal-level and response-level errors. Signal-level
quantities include the maximum and average pulse peaks, RMS acceleration, and kurtosis.
Response-level quantities include the maximum, average, and RMS stress ranges and
the cumulative damage equivalent. These measures capture the characteristics that are
most affected when a repetitive aircraft shock response with repeated transient pulses is
represented by a stationary random waveform.

To distinguish absolute error from error reduction, the absolute error of each response
quantity is defined in Equations (36)—(39), and the reduction in absolute error is defined as:

AEgs = ENOR — ELDWP (47)
where AE ;;; represents the reduction in error in percentage points, rather than a relative
percentage reduction.

The time-domain features of the NOR and TDWP acceleration records were calculated
and compared with the field measurement; the results are listed in Table 5 and plotted
in Figure 11. For the maximum pulse peak, the absolute error decreases from 51.4% for
NOR to 5.1% for TDWP, corresponding to a reduction of 46.4 percentage points. For the
average pulse peak, the corresponding absolute error decreases from 49.9% to 20.9%, giving
a reduction of 29.0 percentage points. For RMS acceleration, the absolute error changes only
slightly, from 18.4% to 17.4%, corresponding to a reduction of 1.0 percentage point. For
kurtosis, the absolute error decreases from 74.3% to 23.1%, corresponding to a reduction of
51.2 percentage points.

1.6 1 O Field measured data
14 4 @ NOR(The conventional method)
O TDWP(This work)

1.2 A Accuracy Accuracy Accuracy
g improved 46.4%  improved 29% improved 51.2%
g 1 7
o
£08 A f
]
Y
206 1
[
&
204 A
Z.

0.2 A

0
Maximum of peak Average of peak RMS of Kurtosis
ensemble ensemble acceleration

Figure 11. Histogram of time-domain features of acceleration.

The observed discrepancies have two sources. The first is specification error: the
prescribed spectrum is a specification-based target derived from the applicable empiri-
cal relationships and environmental parameters, and it may not coincide point-by-point
with the PSD measured at a specific aircraft location. The second is synthesis error: two
waveforms with the same PSD can have different peak statistics, kurtosis, stress histories,
and fatigue damage. The TDWP procedure addresses this second source by adjusting the
window exponent and restoring the final PSD after modulation.
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Table 5. Comparison of acceleration time-domain characteristics.
NOR (The Conventional Method) TDWP (This Work) Reduction in Absolute
Features Simulated Value/ Absolute Error Simulated Value/ Absolute Error Error (P?rcentage
Measured Value (%) Measured Value (%) Points)
Maximum peak ensemble 0.486 51.4 1.049 5.1 46.4
Average of peak ensemble 0.501 49.9 0.791 20.9 29.0
RMS of acceleration 0.816 18.4 0.826 17.4 1.0
Kurtosis 0.257 74.3 0.769 23.1 51.2

At position A, TDWP gives closer estimates of the measured peak level, and kurtosis
than NOR. The improvement is most evident for the maximum pulse peak and kurtosis,
which are poorly represented by a stationary Gaussian record.

The acceleration-level results in Table 5 show that the effects of TDWP are not uniform
across different statistical measures. The maximum pulse peak and kurtosis exhibit much
larger reductions in absolute error than RMS acceleration. This difference can be explained
by the fact that the PSD and the time-domain pulse envelope constrain different aspects of
the signal. For an acceleration signal with a consistent frequency range, the RMS value is
related to the integrated PSD according to:

f max
aRms = / G(f)df (48)
f min

The strain histories obtained under the three excitation conditions were segmented
over the repetitive shock duration. For each pulse, the corresponding stress range was
determined, and the maximum, mean, and RMS stress levels were calculated. The resulting
quantities were then compared across the three test conditions (Table 6 and Figure 12). For
each excitation condition, the corresponding NOR and TDWP responses were compared
using the same stress-range and fatigue-damage calculation procedure.

Table 6. Comparison of stress time-domain characteristics.
NOR (The Conventional Method) TDWP (This Work) Reduction in Absolute
Features Simulated Value/ Absolute Error Simulated Value/ Absolute Error Error (P?rcentage
Measured Value (%) Measured Value (%) Points)

Maximum stress ensemble 0.813 18.7 0.952 4.8 139
Average of stress ensemble 0.444 55.6 0.911 8.9 46.7
RMS of stress 0.455 54.5 0.911 8.9 45.6
Damage Equivalent 0.014 98.6 0.553 44.7 53.9

It should be emphasized that these values represent absolute-error reductions in
percentage points. They should not be interpreted as relative percentage reductions un-
less explicitly normalized by the corresponding NOR error. The results therefore show
that the TDWP waveform provides smaller absolute discrepancies with respect to the
field-measured response for most of the investigated time-domain and structural-response
quantities. The TDWP excitation produces stress levels and a damage-equivalent response
that are closer to the field-measured values under the investigated conditions. However,
the damage-equivalent absolute percentage error remains 44.7%, indicating that the fa-
tigue response is not reproduced with high quantitative accuracy. The result therefore
supports the interpretation that retaining the repeated pulse structure improves the repre-
sentation of fatigue-driving characteristics, rather than fully reproducing the cumulative
fatigue response.
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Figure 12. Histogram of stress time-domain features.

The fatigue-damage-equivalent result requires a different interpretation. Although
TDWP substantially reduces the damage-equivalent absolute percentage error relative to
NOR, the residual error remains 44.7%. This residual discrepancy should be explicitly con-
sidered when interpreting the fatigue result. Cumulative fatigue damage is determined by
the complete stress-range distribution and its accumulation, rather than by a limited set of
acceleration-level descriptors alone. In the present formulation, the temporal optimization
is based primarily on acceleration-level pulse features such as peak value, RMS, and kurto-
sis, whereas the fatigue calculation is performed after the excitation is transferred through
the specimen and converted into a stress history. Consequently, improved matching of the
acceleration pulse characteristics does not uniquely determine the resulting stress-range
distribution or cumulative damage.

The control strategies illustrated in Figure 13 also help explain the observed differ-
ences. In the conventional NOR procedure, the shaker is controlled in the frequency domain
through spectrum-based inverse Fourier synthesis. The controller continuously adjusts the
excitation to satisfy the prescribed PSD, but the instantaneous temporal organization of the
waveform is not an explicit control variable. In the TDWP procedure [33], the stochastic car-
rier is first combined with the pulse envelope and its spectral distortion is corrected offline
through the closed-loop compensation procedure. The resulting pulse-bearing waveform is
then supplied to the shaker through time-domain waveform replication. Thus, the two pro-
cedures impose the spectral requirement in different ways: NOR enforces the PSD directly
during frequency-domain control, whereas TDWP first constructs the desired transient
structure and then compensates the resulting PSD deviation before waveform replication.
The latter strategy allows the temporal pulse characteristics to be modified without relaxing
the final PSD requirement. Because the two excitation methods employ different controller
implementations, the present comparison does not completely isolate waveform-synthesis
effects from controller-related effects. Nevertheless, both methods were evaluated un-
der the same hardware, specimen, nominal spectral requirement, frequency range, and
signal-processing conditions.

Overall, the results indicate that the principal contribution of TDWP is not to substan-
tially change the total spectral energy or RMS level, but to control the temporal organization
of that energy. The PSD constraint determines the overall frequency-domain energy content
and thereby strongly constrains RMS, whereas the explicitly identified pulse envelope
provides additional information needed to reproduce the peak and higher-order temporal
characteristics of repetitive aircraft shock. The remaining fatigue-damage-equivalent dis-
crepancy further indicates that structural damage depends on response information beyond
the acceleration PSD and a limited set of temporal features. Therefore, the present results
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support a hierarchical interpretation of the synthesis problem: PSD matching controls the
global spectral energy, pulse-envelope optimization controls transient amplitude statistics,
and structural-response or damage constraints are required for more complete reproduction
of fatigue behavior.

Acceleration Test
sensor specimen
Shaker
A
Pdwer
amplifier
A
] —_——
[c———] [c———]
y(t) = x(t) X' o y'(t)
> <«
Vibration controller TWR controller
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Initial predicted I:,|>
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Figure 13. The difference in test implementation between the conventional and proposed methods.

3.4. Applicability and Parameter Boundary Discussion

The proposed waveform optimization method is developed for reproducing aircraft
gunfire shock environments, particularly for locations close to the gun muzzle where the
structural response is dominated by high-intensity and repeated transient shock pulses.
The applicability of the proposed framework is therefore mainly determined by whether
the measured response exhibits significant continuous pulse characteristics rather than by
the aircraft platform itself.

For the considered gunfire shock environment, the proposed method is applica-
ble when the measured acceleration response simultaneously satisfies the following
characteristics:

(1) Significant transient pulse behavior. The response contains distinguishable shock
pulses with clear peak acceleration characteristics, rather than purely stationary ran-
dom vibration.

(2) Continuous pulse occurrence. The shock response contains repeated or quasi-periodic
transient pulses, such that both the overall energy distribution and pulse-related
temporal characteristics need to be preserved.

(3) Dominant broadband shock response. The excitation contains broadband fre-
quency components, and the PSD alone cannot fully describe the transient response
characteristics.

Under these conditions, the proposed joint optimization framework can effectively
balance the frequency-domain energy distribution and time-domain pulse characteristics
through the combined objectives of PSD matching and temporal feature preservation.

The applicable parameter boundaries can be summarized as follows. The target-
dependent parameters, including the target PSD Gtargt (f), peak acceleration, RMS value,
kurtosis, pulse duration, and pulse interval, should be obtained from measurements at
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the specific installation location. Since the gunfire shock response is strongly affected by
the distance from the muzzle, structural transmission path, and equipment installation
configuration, these parameters need to be reidentified when the measurement location or
aircraft configuration changes.

The system-dependent constraints, including allowable acceleration, velocity, and
displacement limits of the shaker system, are determined by the laboratory excitation
capability and remain unchanged for the same test setup.

max |la(t)| <amax, max|o(t)| < vmax, maxld(t)| < dmax

The algorithmic parameters, including the weighting coefficient between PSD and
time-domain objectives, control the balance between spectral consistency and tran-
sient pulse preservation. Since the two objective terms are normalized by their cor-
responding tolerances, the time-domain weighting coefficient can be selected within
0.5 < Ay < 2.0 with the initial value determined from the relative magnitude of the normal-
ized objective functions.

It should be emphasized that the proposed method is not intended for environments
dominated by stationary random vibration, isolated single shocks without repetitive pulse
characteristics, or low-level vibration conditions where transient features are insignificant.
For such cases, conventional PSD-based reproduction methods may be sufficient. The
proposed approach is specifically designed for severe gunfire shock environments with
continuous pulse responses, where both spectral energy distribution and transient response
characteristics are critical.

The present validation rests on one aircraft type, one measurement position and a
relatively small set of pulses, and the fatigue metric used here is a damage-equivalent
stress rather than a measured life. Extending the method to other platforms, installation
positions and firing rates, quantifying the test-to-test variability explicitly, and replacing
the exponential envelope by a non-exponential or multi-modal envelope where the mea-
surements require it are the natural next steps. Because each laboratory excitation condition
was tested only once, the present study does not provide a statistical estimate of test-to-test
repeatability or confidence intervals for the reported performance metrics.

4. Conclusions

A time-domain windowed pulse (TDWP) procedure was developed for the synthesis
of repetitive aircraft shock with repeated transient pulse characteristics. The method
starts from a prescribed or measured PSD, introduces a physically identified exponential
pulse envelope, and subsequently restores the PSD through closed-loop frequency-domain
compensation. The proposed procedure was evaluated using one field measurement
dataset and three laboratory test conditions conducted with the same shaker, specimen,
and measurement configuration. The main findings are as follows:

(1) The proposed TDWP framework provides a means of jointly controlling spectral and
temporal characteristics. The target PSD is used as the primary frequency-domain
constraint, while the pulse-window parameters are identified from the measured
transient response. The closed-loop compensation restores the PSD after window
modulation, allowing the final synthesized waveform to retain repeated transient
pulse characteristics without relaxing the prescribed spectral requirement.

(2) The main improvement of TDWP is observed in transient and higher-order time-
domain characteristics rather than in RMS. Under the same PSD constraint, the RMS
level is inherently constrained by the integrated spectral energy, whereas peak value
and kurtosis are additionally influenced by the temporal concentration and intermit-
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tency of the excitation. In the present validation, TDWP reduced the absolute errors in
maximum peak and kurtosis by 46.4 and 51.2 percentage points, respectively, while the
reduction in RMS absolute error was only 1.0 percentage point. These results support
the interpretation that explicit pulse-envelope control provides temporal information
that is not uniquely determined by the PSD.

(38) The structural-response comparison indicates that preserving the repeated transient
pulse structure can influence the stress response and fatigue-damage-equivalent re-
sponse. Compared with NOR, TDWP reduced the absolute errors in maximum stress,
average stress, RMS stress, and damage-equivalent response by 13.9, 46.7, 45.6, and
53.9 percentage points, respectively. The fatigue-damage results should be interpreted
with caution. TDWP reduces the absolute percentage error of the damage-equivalent
metric relative to NOR, but the remaining error is 44.7%, indicating that the complete
fatigue response is not reproduced with high quantitative accuracy. The present re-
sults therefore provide preliminary evidence that preserving the repeated transient
pulse structure improves the representation of fatigue-driving characteristics, while
direct structural-response or damage constraints would be required for more complete
fatigue-response reproduction.

(4) The applicability of the present method is limited to the investigated class of repetitive
aircraft shock environments and should not yet be regarded as universally validated.
The method is primarily intended for near-source locations where successive transient
pulses remain clearly distinguishable. Because the present validation is based on
one aircraft type, one field measurement location, and a relatively small number
of laboratory test conditions, the quantitative parameter ranges and performance
observed here should be regarded as specific to the investigated configuration. Further
validation using different aircraft configurations, installation locations, structural
transmission paths, excitation levels, and pulse repetition conditions is required to
assess the robustness and broader applicability of the proposed framework.

Overall, the present study provides preliminary experimental evidence that combining
PSD control with explicit temporal pulse-envelope modeling can improve the reproduction
of repetitive aircraft shock characteristics while maintaining the prescribed spectral require-
ment. Future work should extend the validation dataset and investigate non-exponential
pulse envelopes, broader structural configurations, and direct structural-response or dam-
age constraints to further improve the generality and fidelity of the method.
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Nomenclature

Ay Amplitude of R, g

Bj Effect of vector distance from the excitation source to the materiel location, dB
D The distance parameter

Da  Cumulative fatigue damage

E Blast energy of excitation, ]

F;  Frequency, Hz

G PSD value of each frequency point, g?/Hz

H Effect of distance from the excitation, dB

] Effect of the materiel’s location relative to the air vehicle’s skin, dB
K;  Effect of vector distance on each vibration peak, dB

M Effect of excitation location, dB

N The maximum number of closely spaced pulse excitation together

N1 The number of pulses in the repetitive aircraft shock waveforms

N2  The number of cycles in the plastic deformation interval of the S-N curve
p; Test value of narrowband random vibration, g2 /Hz

g;i  Peaks of the synthesized repetitive aircraft shock, g

Q;  Peaks of the measured repetitive aircraft shock, g

R The time waveforms of repetitive aircraft shock, g

Rs  The depth parameter

S The stress amplitude in the plastic deformation interval of the S-N curve
S¢  Fatigue limit of the material

Sy Ultimate strength of the material

T  The duration of a single shock pulse

T]- Test value of broadband random vibration, g2 /Hz

v;  Valleys of the synthesized repetitive aircraft shock, g

V;  Valleys of the measured repetitive aircraft shock, g

we  Exponential window

W Effect of weight, dB

Af  Frequency resolution, Hz

o« Material fatigue exponential

¢@x Random phase

Abbreviations

The following abbreviations and nomenclature are used in this manuscript:

TDWP  Time domain windowed pulse
PSD Power spectral density

SRS Shock response spectrum

SOR Sine-on-random

NOR Narrowband random-on-random
PDF Probability density function

RMS Root mean square
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