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ABSTRACT In recent years, with the development of hyper-velocity weapon, the research focus of
penetration effect has switched gradually from high-velocity to hyper-velocity, with insufficient studies on
penetration effect and its internal mechanism. Besides, the study on penetration effect of hyper-velocity
weapon depends on the measurement of mechanical signal during penetration of projectile. In this paper,
dynamic test of hyper-velocity impact penetration acceleration signal is studied in depth. Firstly, the pen-
etration velocity and acceleration of projectile under the impact load are analyzed, the influence of the
movement of the testing unit on the measured acceleration signal is studied, and the factors to be considered
when measuring the hyper-velocity impact load are given. Further, this paper designs a measurement circuit
and dynamic models of each measurement module, details the influence of dynamic characteristics of power
delivery network on test accuracy, and provides a method to obtain dynamic characteristics of power delivery
network by virtue of S parameter. Finally, to extract the real penetration overload signal, a superior noise
reduction algorithm adopting Modified Ensemble Empirical Mode Decomposition (MEEMD) is proposed,
taking dynamic uncertainty and degree of approximation as evaluation indicators, and the measured sensor
data is analyzed and processed with the proposed superior noise reduction algorithm. The experiment results
show that, this method has a better noise reduction effect, and can be adopted to effectively extract real
penetration overload signal. The results have theoretical research and application value to evaluate the
reasonableness and effectiveness of measurement method of hyper-velocity penetration overload signal, and
seek for a superior processing method for the noisy penetration overload signal.

INDEX TERMS Impact penetration, hyper-velocity, dynamic test, dynamic uncertainty.

I. INTRODUCTION
In recent years, with the development of hyper-velocity
weapon, the research focus of penetration effect has switched
gradually from high-velocity to hyper-velocity. The pene-
tration mechanism and failure mode of the latter obviously
differ from that of general penetration. At present, there
are insufficient studies on penetration effect and internal
mechanism of high-velocity and hyper-velocity projectile.
Besides, the study on penetration effect of hyper-velocity
weapon depends on the measurement of mechanical sig-
nal during penetration of projectile. The test system shall
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be specifically designed according to characteristics of
hyper-velocity impact penetration signal to enhance the mea-
surement accuracy and reduce the error. We have studied the
measurement problem of general penetration overload signal
in the early stage, studied the dynamic design principle of
the charge-based sensor projectile penetration overload test
system, carried out a detailed theoretical derivation of the
dynamic model, and provided the theoretical basis for design.
Hence, a comprehensive evaluation of the dynamic uncer-
tainty of the test system is achieved, and finally the feasibility
of the method is verified by experiment [1]. Our team also
carried out some researches on anti-high overload design,
which greatly promoted the research in this paper. Aiming
at the high-g launching overload of the guided ammunition,
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the semi-strapdown stabilization platform in the shell is easily
damaged when only the bearing bears axial high overload,
the‘‘counter-top hemisphere’’ structure was designed. The
inertial measurement system can still work stably and reli-
ably when overload reaches 11000g. The design has engi-
neering application value [2]–[4]. With the development of
hyper-velocity weapon, it is imperative to study the dynamic
test of the hyper-velocity impact penetration acceleration
signal.

Traditional earth-penetrating weapons generally use
high-hardness alloy and their ground strike velocity generally
do not exceed 1km/s. Therefore, in classical rock penetration
theory, the projectile is often assumed to be rigid projectile.
The core of theoretical analysis is the resistance function of
the projectile, and rigid penetration is the more mature part of
penetration theory research. At present, with the advancement
of science and technology, the launch velocity of projectile
is higher. It is verified in experiment that [5]-[10], when
the velocity of projectile increases from normal (900m/s)
to high-velocity (1200-1700m/s), the mass erosion of the
projectile will occur during the penetration process, which
seriously affects the penetration performance of the projec-
tile, even causes the ‘‘reversed reduction’’ effect of pene-
tration depth. During recent years, hypersonic technology
has entered the substantial technology development stage
from concept and principle exploration, and the ground
strike velocity of hyper-velocity kinetic weapon reaches
3000-5000m/s. The hyper-velocity impact will occur easily
during penetration, which becomes an extremely high tem-
perature and high pressure process caused by the rapid release
of kinetic energy. In addition to penetration, cratering effect
will occur and strong ground impact effect will be triggered.
The effect scope reaches far beyond penetration depth, and is
close to shallow-buried explosion [11]–[13]. Its penetration
mechanism and failure mode are significantly different from
general penetration problem.

The above scholars have done in-depth research on pen-
etration of hyper-velocity projectile. The study on pene-
tration effect and internal mechanism of high-velocity and
hyper-velocity projectile to rock is however insufficient. The
accurate acquisition of acceleration signal of projectile dur-
ing penetration plays a decisive role in the research of this
kind of problem. The dynamic test of hyper-velocity impact
penetration acceleration signal is the premise of studying
hyper-velocity penetration effect and its internal mechanism.

Addabbo Tommaso proposed a smart measurement sys-
tem with improved low-frequency response to detect mov-
ing charged debris, to be used for turbomachinery condition
monitoring. The postprocessing is based on the theoreti-
cal analysis of the physical experiment, assuming to use a
first-order high-pass charge amplifier, with the introduction
of a fittingmodel based on the linear combination of Gaussian
functions [18]. In this article, the detailed time-domain anal-
ysis is mainly conducted to design the measurement system.
To minimize the noise issues, various design improvements
are performed by power integrity and signal integrity analysis

in Young-Jun’s research. Static power and dynamic power
design are reviewed and improved by DC IR drop and power
impedance analysis. Signal integrity design is reviewed and
improved by time domain signal wave analysis and PCB
(Printed Circuit Board) design modifications [19]. This arti-
cle focuses on power integrity and signal integrity, failing to
provide specific equations for the influence of power integrity
on signal noise. System-level signal integrity (SI) and power
integrity (PI) problems are taken into account in Jai Narayan’s
research. System-level simulation of high-speed systemswith
effect of external environment is described. SI and PI issues
with complete analysis of package, board, termination, squid
card, and decoupling network are shown. Common prob-
lems of simulations-passivity violation, stability, causality,
and interoperability, are also discussed [20]. The co-design
of power and signal integrity issues on a quad flat non-lead
(QFN) package is described in Guan’s research. A novel
decoupling capacitor is achieved by separating the die pad
and footprint, coating a solder mask on the footprint and
connecting the footprint to the printed circuit board power
plane through a via [21]. InWojcik’s paper the power integrity
problems of printed circuit board (PCB) are investigated.
Power distribution network (PDN) impedance of a few testing
configurations of PCB is numerically analyzed and compared
with measurements. The influence of selected parameters of
the circuit on PDN impedance is examined [22]. The power
integrity is only studied in this paper, but not the influence of
power integrity on signal quality.

The above scholars have done in-depth research on power
integrity and signal integrity, with focuses on signal and
power integrity in digital circuit, and less studies on that of
sensitive analog circuit and digital-analog hybrid circuit. This
paper emphasizes the influence of dynamic characteristics of
power distribution network of digital-analog hybrid circuit on
measurement accuracy.

Empirical Mode Decomposition (EMD) is a new signal
time-domain decompositionmethod proposed byHuang et al,
which is especially suitable for the analysis of nonlinear
and non-stationary time series. Empirical Mode Decompo-
sition (EMD) is a new signal time-domain decomposition
method proposed by Huang et al. It is especially suitable
for the analysis of nonlinear and non-stationary time series.
It has strong adaptability and has been widely used in the
fields of nonlinear data analysis, spectral signal and mechan-
ical vibration signal analysis [23], [24]. Ensemble Empirical
Mode Decomposition (EEMD) is an improved algorithm
of EMD, which effectively solves the mixing phenomenon
of EMD [25]. Yuxing Li proposed a novel noise reduction
technique for underwater acoustic signals based on com-
plete ensemble empirical mode decomposition with adap-
tive noise (CEEMDAN), minimum mean square variance
criterion (MMSVC) and least mean square adaptive filter
(LMSAF) [26]. The leading edge of the projectile penetration
overload signal is steep and contains a large number of char-
acteristics of the impact response of the installation structure.
The acquired signal contains many frequency components
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and is non-stationary. Therefore, it is necessary to perform
effective analysis and processing on the acquired data. Per-
mutation Entropy is a method for detecting time series and
dynamic mutation proposed by Bandt et al. It features simple
concept, rapid calculation speed, and strong anti-interference
ability, which is especially suitable for nonlinear data and has
better robustness [27]. Reverse Dispersion Entropy is an algo-
rithm proposed by Yuxing Li. RDE takes PE as its theoretical
basis and combines the advantages of dispersion entropy
(DE) and reverse permutation entropy (RPE) by introducing
amplitude information and distance information [28].

The current studies on penetration effect and internal
mechanism of high-velocity and hyper-velocity projectile
are insufficient. The accurate acquisition of acceleration sig-
nal of projectile during penetration plays a decisive role
in the research of this kind of problem. The dynamic test
of hyper-velocity impact penetration acceleration signal is
performed in this paper, starting from factors influencing
measurement accuracy, to analyze hyper-velocity penetration
effect and its internal mechanism, consider the influence of
movement of test unit on the measured acceleration signal,
design measurement circuit, and provide dynamic models
of each module. In order to obtain real penetration over-
load signal, a superior noise reduction algorithm is proposed
taking dynamic uncertainty and degree of approximation as
evaluation indicators. Finally, this proposed method is veri-
fied through experiment. The results have certain theoretical
research and application value to evaluate the reasonableness
and effectiveness of measurement method of hyper-velocity
penetration overload signal, and seek for a superior process-
ing method for the noisy penetration overload signal.

II. TESTING PRINCIPLE FOR PENETRATION PROCESS OF
PROJECTILE UNDER HYPER-VELOCITY IMPACT
OVERLOAD
A. ANALYSIS ON PENETRATION VELOCITY AND
ACCELERATION OF PROJECTILE UNDER HYPER-
VELOCITY IMPACT OVERLOAD
The theoretical model of hyper-velocity penetration of
rod-shaped projectiles originates from the hydrodynamic the-
ory of high-velocity jet. When the velocity of the projectile
is extremely high, and when the contact surface pressure of
the projectile is extremely large, the strength of the projec-
tile and the target can be ignored, and the penetration of
rod-shaped projectile can be simplified to a shaped charge jet.
The pressure balance relationship of the contact surface of the
projectile target can be described by the Bernoulli equation
proposed by Birkhoff et al. [14] as Equation (1).

1
2
ρp
(
vp − u

)2
=

1
2
ρtu2 (1)

wherein, vp is the jet velocity (the tail velocity of the pro-
jectile), u is the velocity of the target interface, ρp is the
jet (projectile) density, and ρt is the target density. Assuming
that penetration is a steady-state process, the dimensionless
penetration depth can be obtained from Equation (1), shown

in Equation (2).

h
L
=

1
λ
=

√
ρp

ρt
(2)

wherein, L is the projectile length. Equation (2) is called
as ‘‘hydrodynamic penetration limit’’. It is notable that the
above calculation result is often considered as the theoretical
limit value of penetration depth of continuous jet and long-rod
projectile when the velocity approaches to infinite, however,
there is always significant deviation between it and the actual
penetration depth under the existing experimental velocity
conditions, so the above model should be modified to make
it more realistic. When the erosion projectile penetrates, only
the contact part of the projectile target is in a fluid state, and
the rest is still in a rigid state [15], so the strength characteris-
tics of the projectile and the target actually cannot be ignored.
The greatest shortcoming of hydrodynamic theory is that it
fails not consider the strength of the material, so it is only
suitable for penetration at extremely high velocity. For the
semi-fluid penetration stage, the description of the interaction
between the projectile targets generally adopts a modified
hydrodynamic model. The classic modified hydrodynamics
model was first proposed based on the penetration of metal
target, including the Alekseevskii-Tate model [16].

The Alekseevskii-Tate model proposed by Alekseevskii
and Tate is the most classic theoretical model for the penetra-
tion of high-velocity rod-shaped projectile. They introduced
the strength of projectile and target material (Yp and Rt ) into
Bernoulli equation, and established the hydrodynamic model
of penetration calculation combining equations of projec-
tile length variation, penetration and projectile deceleration,
shown in Equation (3), (4), (5) and (6).

1
2
ρp
(
vp − u

)2
+ YP =

1
2
ρtu2 + Rt (3)

dL
dt
= −

(
vp − u

)
(4)

dh
dt
= u (5)

dvp
dt
= −

Yp
ρpL

(6)

wherein, vp is the jet velocity (the tail velocity of the projec-
tile), u is the velocity of the target interface, ρp is the jet (pro-
jectile) density, ρt is the target density, L is the projectile
length, h is the penetration depth, Yp and Rt is the material
strength of projectile and target. In this model, assuming
that only the smaller area of the head of the projectile and
the target near the contact surface of the projectile are in
fluid state during the penetration of the projectile, and the
rest of the projectile is still in rigid state. There are two
penetration scenarios according to different combinations of
projectile target: when Yp < Rt , the projectile penetrates
and erodes until the projectile velocity vp dropped to the
critical velocity; when Yp > Rt , the projectile velocity vp
dropped to the critical velocity, and the remaining projectile
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TABLE 1. Initial values of relevant parameters.

FIGURE 1. The curve of penetration velocity.

FIGURE 2. The curve of penetration acceleration.

continues to penetrate in rigid-state projectile. For the solu-
tion of the Alekseevskii-Tate model, the numerical method
is generally adopted. Table 1 shows the test conditions
used by Walters et al. [17]. According to the test conditions,
the numerical solution is performed on Alekseevskii-Tate
model, to obtain the curve of penetration velocity and pen-
etration acceleration shown in Fig.1 and Fig.2.

From Fig.1 and Fig.2, the penetration velocity drops
sharply during the penetration process, and the falling edge
is very steep. The penetration acceleration is obtained by
differentiating the penetration velocity, and its variation is
even more dramatic. The falling edge of the penetration
acceleration signal is even more steep. According to the
numerical calculation results of the Alekseevskii-Tate model,
the penetration acceleration signal can drop hundreds of thou-
sands of g within 0.01us. To accurately measure the penetra-
tion acceleration signal, according to the sampling theorem,
the sampling rate of the data acquisition circuit must be at
least 200MHz.

B. ANALYSIS ON INFLUENCE OF TEST UNIT MOVEMENT
ON MEASURED ACCELERATION SIGNAL
To accurately measure the penetration process of the pro-
jectile, the accelerometer and its data acquisition circuit are
required to be placed inside the projectile. The output signal
of the accelerometer is the response to the acceleration excita-
tion of its installation point. Therefore, different installations
have an influence on the output signal of accelerometer.
At present, there are two commonly used installations. One
is to install the accelerometer directly on the projectile via
bolts. This installation features the highest rigidity and the
best frequency response characteristics. However, whether
the acceleration sensor is installed on the front end of the
projectile or the tail end cover, it is difficult to connect the
sensor’s data cable and the data acquisition circuit. The other
one is to install the circuit module and the accelerometer
sensor as a whole part, and then buffer protection should be
conducted on the whole part. The purpose is to reduce the
connection between the accelerometer sensor and the data
acquisition circuit as much as possible, which will greatly
improve the impact resistance of the connection line. Hence,
the second installation is commonly adopted, whose simpli-
fied mechanical mode is show in Fig.3. In Fig.3, c is the
damping coefficient of the simplified accelerometer model,
k is the elasticity coefficient, and m is the quality.

FIGURE 3. Mechanical model of the overall installation of the test unit.

Assuming that the excitation signal of the accelerometer is
the basic movement u = u0 sinωt , the basic acceleration is
shown in Equation (7)

af (t) = −u0ω2 sinωt (7)
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The relatively basic movement equation is Equation (8).

mẍ + cẋ + kx = −maf (t) (8)

wherein, x is the displacement of the projectile. Equation (7)
and (8) are solved, the damping coefficient c is ignored, and
the relative displacement is expressed as 1/ω power series.
Since the natural frequency of vibration of the acceleration
sensor is high, the first three terms are selected, shown in
Equation (9).

x(t) = −
1
ω2
n
[af (t)− af (0) cosωnt −

1
ωn
af (0) sinωt] (9)

wherein, the first item on the right is the static response of the
accelerometer to the inertial force −maf (t), and the remain-
ing items are the dynamic response of the accelerometer to the
inertial force−maf (t), which is a high-frequency signal with
a frequency of ω. The latter two items in Equation (9) reflect
the influence of high-frequency vibration of the projectile and
the installation structure in the measured acceleration signal.

In the projectile penetration experiment, to test the rigid
body acceleration af (t) of the projectile, it must be extracted
from the measured acceleration signal. During the penetra-
tion, the sensitive unit of the accelerometer moves forward
with acceleration ar relative to the projectile, and the absolute
acceleration sensed by the accelerometer is a0 = ar + a,
which is actually not the acceleration of the projectile. From
the perspective of impact response, this problem can be sim-
plified to a second-order systemwith basic excitation, and the
overall equation of movement is Equation (10).

mÿ+ cẏ+ ky = −mẍ (10)

wherein, y is the displacement of sensitive unit of accelerom-
eter, and x is the displacement of projectile.
a = ẍ

ẍmax
, τ = t

T , δ = −
ky

mẍmax
,R = 2π

√
m/k
T .Wherein,

ẍmax is the maximum acceleration of the projectile, ẍ is the
instantaneous acceleration of the projectile, and T is the
duration of the projectile acceleration pulse.

Equation (10) is normalized, and Equation (11) can be
obtained.

a = δ +
Rc
π

dδ
dτ
+ (

R
2π

)2
d2δ
dτ 2

(11)

It can be seen from Equation (11) that when R is small,
the last two terms of the equation can be ignored, and δ = a.
When R becomes larger, the last two terms have obvious
effects. The third term causes oscillations up and down in a
value, and the second term causes time lag. This will cause
change in waveform of the acceleration of the projectile, and
the increased error between the penetration velocity and pen-
etration depth obtained by the integration of the acceleration
signal and the actual measured value. For any accelerometer
sensor, the m and k of its equivalent mechanical models is
basically unchanged, so the duration T of the acceleration
pulse of the projectile becomes the main factor affecting
the measurement accuracy of the penetration acceleration.
The smaller the T , the greater the R. That is, during the

penetration, the greater the initial velocity of penetration,
especially during hyper-velocity impact penetration, the dura-
tion of the acceleration pulse of the projectile will be shorter,
so that the impact of the latter two items is more obvious.
In order to more accurately measure the acceleration during
hyper-velocity impact penetration, the influence of the latter
two items in Equation (11) is required to be considered.

III. DYNAMIC CHARACTERISTICS DESIGN FOR TEST
SYSTEM OF HYPER-VELOCITY IMPACT PENETRATION
ACCELERATION SIGNAL
The dynamic characteristics design of the testing system is
usually carried out in the frequency domain, to ensure that
the system can meet the requirements of the measured signal
for the dynamic characteristics. Whether the dynamic char-
acteristics of the testing system can meet the requirements of
the measured signal decides the success or failure of the test.
And an estimate of the dynamic uncertainty of the system is
given. The test system records the variation of the measured
signal within the allowable dynamic uncertainty range.

A. DYNAMIC CHARACTERISTICS DESIGN OF TEST CIRCUIT
The sufficient and unnecessary condition for the Fourier
transform of the measured signal is that it can satisfy the
Dirichlet condition, which is shown in Equation (12).∫

+∞

−∞

|x(t)|dt <∞ (12)

There are only a finite number of discontinuous points and
limit points for x(t) in the interval t ∈ (−∞,∞), and a finite
value is taken at the discontinuous point or limit point.

The frequency response characteristics of test system is
shown in Equation (13).

SYS(f ) = Asenser (f ) · Aamplifier (f ) · Afilter (f ) · APDN (f )

(13)

wherein, SYS(f ) is the frequency response characteristics of
system, Asenser (f ) is that of sensor, Aamplifier (f ) is that of
amplifying circuit, Afilter (f ) is that of filter, and APDN (f ) is
that of power distribution network.

In paper we have published [1], the dynamic test prin-
ciple of measuring penetration overload signal is studied
in detail, providing the frequency response characteristics
of sensor Asenser (f ), that of amplifying circuit Aamplifier (f ),
and that of filter Afilter (f ). In studying the measurement of
hyper-velocity impact penetration acceleration signal, the fre-
quency response characteristics of the power distribution
network has a greater impact on the measurement accuracy,
which will be discussed in detail in the next section. The
accelerometer uses the same sensor, that is piezoelectric
accelerometer, with greater range and wider response fre-
quency band. Besides, the structure of the amplifying circuit
is also not changed. The sensor is piezoelectric, so a charge
amplifying circuit is needed, but the gain of the amplifying
circuit is adjusted. Fig.4 is the schematic diagram of the
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FIGURE 4. The schematic diagram of charge amplifier.

FIGURE 5. The SK low-pass filter circuit diagram.

charge amplifier. The structure of the filter is not changed
either. The SK low-pass filter is selected, but the cut-off fre-
quency of the filter is changed. Fig.5 is the schematic diagram
of the SK filter. Thus, the frequency response characteristics
of these are not changed.

Asensor (S) =
ω2
n

S2 + 2ζωnS + ω2
n

(14)

wherein, ωn is the undamped oscillation frequency and ζ is
the damping coefficient.

Acharge =
uo
Q

=
−1

1
Aod

(((Aod+1)Cf +Cs+CIN )+ 1
j2π f (

1
Rd
+(Aod+1) 1

Rf
))

(15)

wherein, Cs is the interelectrode capacitance of the sensor,
Rd is the parallel value of amplifier input impedance, trans-
missionwire insulation resistance and circuit board insulation
resistance, and CIN is the sum of circuit board wire distribu-
tion capacitance, cable capacitance and operational amplifier
input capacitance. Cf is the feedback capacitor of the charge
amplifier, and its value directly determines the gain of the
mid-band. Rf is not necessary. It is only to ensure the normal

operation of the operational amplifying circuit and avoid
the capacitor voltage saturation caused by the continuous
paranoid current at the negative input terminal accumulating
and charging on the capacitor.

Afiter (S) =
1

1+ SC2(R1 + R2)+ S2C1C2R1R2
(16)

Themutual transformation between the time domain signal
and frequency domain can be achieved by fast Fourier trans-
form (FFT) and inverse fast Fourier transform (IFFT). The
specific relationship is shown as follows.

The measured signal x(t) is

x(t)
FFT
−→ X (f ) (17)

The relationship between frequency response characteris-
tics of test system and frequency-domain response of mea-
sured signal is shown in Equation (18).

R(f ) = SYS(f ) · X (f ) (18)

wherein, SYS(f ) is the frequency response characteristics of
test system, and R(f ) is frequency response of measured
signal by system. The inverse fast Fourier transform is per-
formed on R(f ), and time-domain signal xres(t) output by test
system can be obtained and shown in Equation (19).

R(f )
IFFT
−→ xres(t) (19)

The dynamic error of the input signal of the test system can
be estimated as Equation (20).

err(t) = xres(t)− x(t) (20)

B. DYNAMIC CHARACTERISTICS DESIGN OF
BOARD-LEVEL POWER DISTRIBUTION
NETWORK
In the designed hyper-velocity impact penetration acceler-
ation measurement system, the voltage required by various
modules is not exactly identical. Generally, the voltage reg-
ulator module is used to convert the power into the voltage
required by each module. Each module is distributed in dif-
ferent areas on the printed circuit board (PCB), and the power
distribution of each module shall be interconnected with
cabling, power planes, and via holes on the PCB. The primary
and basic requirement for the power distribution network is
to maintain the stable power supply voltage between the chip
pads to be within an allowable tolerance range. The power
distribution network also has impedance, which is not fixed.
Under different frequencies, the impedance varies signifi-
cantly. When the current on the chip fluctuates, the voltage
drop will occur on the power distribution network, which is
dynamic and related to frequency. The dynamic characteris-
tics of power distribution network has a great influence on
measurement accuracy of measurement system. Therefore,
it shall be taken into consideration to obtain accurate mea-
surement results.

The impedance of the power distribution network includes
resistive impedance, inductive impedance, and capacitive
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impedance. The impedance viewed from the chip pad is
represented by Z (f ), the voltage drop V (f ) generated when
the current I (f ) with a certain spectral width flows through
the impedance of the power distribution network is shown in
Equation (21).

V (f ) = I (f )Z (f ) (21)

This voltage drop on the power distribution network indi-
cates that the stable voltage output by the regulator cannot
be obtained by the chip. In order to guarantee the accurate
measurement system, this voltage drop must be less than
a given maximum threshold. According to the given rip-
ple wave requirement, the maximum allowable impedance
of the power distribution network can be solved, shown in
Equation (22) and (23).

Vripple > VPDN = I (f )ZPDN (f ) (22)

ZPDN (f ) <
Vripple
I (f )

= ZMAX_PDN (f ) (23)

wherein, Vripple is the allowable voltage ripple wave, VPDN
is the voltage drop of the power distribution network, I (f ) is
the current flowing through the power distribution network,
ZPDN (f ) is the impedance of the power distribution network,
and ZMAX_PDN (f ) is the maximum allowable impedance of
the power distribution network.

In the low frequency range, the voltage regulator module
determines the impedance value viewed from the chip to the
power distribution network. It, with a reference voltage and a
feedback loop, converts a DC voltage into another DC volt-
age. It detects the voltage in load end, and adjusts the output
current to adjust the load voltage. The bandwidth of the reg-
ulation loop is usually within a few hundred KHz. At the
frequency higher than the bandwidth of the loop, the voltage
regulator module becomes high impedance, so the voltage
cannot be adjusted effectively. After the bandwidth of the reg-
ulation of voltage regulator module is exceeded, the decou-
pling capacitor on the board plays a decisive role in the
impedance of the power distribution network. According to
engineering experience, this frequency is usually within hun-
dreds of KHz to 100MHz, which will be the high-frequency
limit of the design of board-level power distribution network.
When this frequency is exceeded, the impedance of the power
distribution network viewed from the chip is only related
to the encapsulation and the chip [29]. According to the
analysis on penetration velocity and acceleration of projec-
tile under hyper-velocity impact overload, the penetration
acceleration drops dramatically, and the falling edge is steep.
The penetration acceleration signal can drop hundreds of
thousands of g within 0.01us. To complete the sampling of
the penetration acceleration signal, the sampling rate must be
at least 200MHz.

We focus on the influence of the dynamic characteristics
of the board-level power distribution network on the mea-
surement accuracy. The highest frequency of the board-level
power distribution network can be determined by the encap-
sulated pin inductance, via hole and diffusion inductance.

The relationship is shown in Equation (24).

ZMAX_PDN < 2πLpkgfmax (24)

wherein, ZMAX_PDN is the maximum allowable impedance,
Lpkg is the equivalent inductance of the encapsulation, and
fmax is the highest frequency of the board-level power distri-
bution network.

For designers, the chip and its packaging information are
usually difficult to obtain from the supplier, so it is necessary
to design board-level decoupling capacitor to ensure that the
impedance of the power distribution network is small enough,
so the influence of the dynamic characteristics of board-level
decoupling capacitor on the measurement accuracy of the test
system shall be considered.

The impedance of an ideal capacitor decreases as the fre-
quency increases, but the actual capacitor should be approx-
imated by an RLC circuit model containing equivalent series
inductance (ELS) and equivalent series resistance (ESR). The
impedance and resonance frequency of the actual capacitor
are shown in Equation (25) and (26).

Z = R+ jωL +
1
jωC

(25)

fresonance =
1

2π
√
LC

(26)

wherein, C is the capacitance of the capacitor, L is the
equivalent series inductance of the capacitor, and R is the
equivalent series resistance of the capacitor. Fig.6 is the mea-
sured impedance of themultilayer ceramic capacitor (MLCC)
capacitance of 1uF .

FIGURE 6. The curve of measured impedance of MLCC capacitance of 1uF .

It can be seen from Fig.6 that the impedance of the actual
capacitor mainly depends on the capacitance value at low
frequencies, and ismainly determined by the equivalent series
inductance (ESL) at high frequencies. The equivalent series
resistance (ESR) determines the lower limit of the impedance.
In order to enable the impedance of the power distribution
network smaller than the design target, it is necessary to select
capacitor with appropriate capacitance value and quantity
for the power distribution network. Multiple capacitors of
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the same power/ground network are connected in parallel.
The equivalent capacitance, resistance, and inductance of the
same capacitor in parallel connection are shown in Equa-
tion (27), (28) and (29), respectively.

Cn = nC (27)

ESRn =
ESR
n

(28)

ESLn =
ESL
n

(29)

FIGURE 7. The impedance curve of the same capacitors in different
numbers connected in parallel.

Fig.7 shows the impedance curve of the same capacitors
in different numbers connected in parallel. With the same
capacitors are connected in parallel, the frequency of parallel
resonance remains unchanged, and the impedance decreases
overall. Although the impedance of the power distribution
network can be reduced by increasing the number of the
same capacitors, the impedance in the frequency range of
the point is low only at the resonance frequency point, and
the improvement in other frequency bands is not obvious.
Therefore, in order to maintain the overall low impedance
of the board-level power distribution network, it is necessary
to use capacitors with different capacitance value in parallel
connection.

Fig.8 presents the impedance curve of two different capac-
itors in parallel connection. The parameters of the first capac-
itor are: C = 1uF , ESR = 12.8m�, ESL = 0.268nH .
The equivalent series inductance of the second capacitor
changes, and the capacitance and equivalent series resistance
remain unchanged, so the self-resonant frequency of the sec-
ond capacitor will change. It can be seen from Fig.8 that
when the self-resonant frequencies of the two capacitors are
closer, the parallel impedance resonance peak is smaller.
When the self-resonant frequencies of the two capacitors
are same, the parallel impedance resonance peak disappears.
The impedance parallel resonance peak is usually solved by
adding a capacitor with a self-resonant frequency between
them. Fig.9 shows the impedance variation before and after

FIGURE 8. The impedance curve of two different capacitors in parallel
connection.

FIGURE 9. The capacitor parallel impedance curve.

adding a capacitor with an intermediate resonant frequency.
It can be seen that after adding a capacitor, the parallel
impedance resonance peak can be reduced. The capaci-
tance and quantity of capacitors can be determined by the
frequency-domain target impedance method created by Larry
Smith, which will not be discuss in detail here.

It can be seen from Equation (21) that in order to obtain
the dynamic characteristics of the board-level power distri-
bution network, it is necessary to understand the variation
rule of its impedance. The current of the chip can be obtained
according to the chip manual. In addition to above factors,
the impedance of the board-level power distribution network
is also related to the location of the decoupling capacitors on
the PCB, the way the component is connected, the material of
the PCB, the shape of the power supply and the ground plane,
and the interconnection of the power supply on the PCB.
It can only be solved by the 3D field solver. S parameters of
the power distribution network can be extracted via software,
or directly measured via a network analyzer, and then the S
parameters are converted into Z parameters.
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For a circuit with N ports, the incident wave at its nth port
is v+ and the reflected wave is v−, then,

vn = v+ + v− (30)

The current is calculated by the port voltage and port
impedance Zn, shown in Equation (31).

v = v+ + v− = Zi = Zv+
1
Zn
− Zv−

1
Zn

(31)

wherein, Z is the impedance matrix, and the scattering
matrix can be calculated by solving Equation (31), shown in
Equation (32).

S = (v)+)(v−)−1 = (Z+ ZnU)−1(Z− ZnU) (32)

wherein, U is the unit matrix, and Zn is the terminal
impedance of each port. Assuming that the terminal value
of each port is same, the conversion from S parameter to Z
parameter can be obtained according to Equation (32), shown
in Equation (33).

Z = Zn(U+ S)(U− S)−1 (33)

To determine whether the design meets the requirements of
the requiredmeasurement accuracy, it is necessary to evaluate
the design in advance, and extract the S parameters of the
designed PCB. The extraction of impedance parameters of
the power distribution network can be achieved by general
software. However, considering that full-wave S parame-
ters can be extracted by a 3D electromagnetic field solver,
S parameters are selected to indirectly obtain Z parameters
for analysis. Further, the impedance of the power distribution
network can be calculated according to Equation (33). In the
debugging stage after the PCB is made, the S parameter can
be directly measured with a network analyzer to obtain more
accurate results.

Fig.10 and Fig.11 are part of the designed PCB. Fig.10 is
a power plane of the ADC, with Port2 as the input port of
the ADC (Analog to Digital Converter) power distribution
network. Fig.11 shows the location distribution of the ADC
chip on the Top layer, where Port1 is the power input pin
port of the ADC. The Cadence Sigrity software is adopted to
extract S parameters between Port1 and Port2. The extracted
S11 and S22 parameters are shown in Fig.12 and the extracted
S12 and S21 parameters are shown in Fig.13.

After the S parameters are obtained, the conversion rela-
tionship between the S parameters and the Z parameters of
the two-port can be obtained according to Equation (33), and
the Z parameters can be obtained according to Equation (34),
as shown at the bottom of the page. Fig.14 is the curve of Z12
and Z21. According to the obtained Z parameters, the least

FIGURE 10. The distribution of input ports on ADC power plane.

FIGURE 11. The pit location distribution of the ADC chip.

FIGURE 12. The curve of S11 and S22.

squares method can be used to perform fitting to obtain the
relationship Z (f ) between impedance and frequency of the
power distribution network.

[
Z11 Z12
Z21 Z22

]
=

 Zn
(1+ S11)(1− S22)+ S12S21
(1− S11)(1− S22)− S12S21

2ZnS12
(1− S11)(1− S22)− S12S21

2ZnS21
(1− S11)(1− S22)− S12S21

Zn
(1− S11)(1+ S22)+ S12S21
(1− S11)(1− S22)− S12S21

 (34)
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FIGURE 13. The curve of S12 and S21.

FIGURE 14. The curve of Z12 and Z21.

According to Equation (21), the transfer function of the
power distribution network can be obtained and normalized
as Equation (35).

VPDN (f ) = 1−
V (f )
VVRM

(35)

wherein, VPDN (f ) is the transfer function from the input port
voltage of ADC power to the pin voltage of ADC power.
VVRM is the input voltage of ADC power input port, and V (f )
is the voltage drop of the power distribution network.

IV. THE SUPERIOR NOISE REDUCTION ALGORITHM
BASED ON MODIFIED ENSEMBLE EMPIRICAL
MODE DECOMPOSITION
The hyper-velocity projectile penetration overload signal
contains not only the projectile penetration signal, but also
the acceleration signal caused by the strong impact effect
triggered by the crater effect, as well as the impact sound
of the installation structure. Its penetration mechanism and
failure mode are significantly different from that of general
penetration. In order to accurately obtain the real penetration

overload signal, a superior noise reduction algorithm based
on Modified Ensemble Empirical Mode Decomposition
(MEEMD) is proposed in this paper. Penetration overload
signal is a dynamic mutation. Permutation entropy (PE) is a
method proposed by Bandt et al. to detect randomness in time
series and dynamic mutations [27]. RDE has better perfor-
mance in detecting abrupt signal and noise robustness testing,
and has better stability for sensor signal, and a good ability
to detect mutation signals [28]. Therefore, RDE is used as
a criterion for detecting the penetration overload signal. The
Intrinsic Mode Function (IMF) is obtained by decomposition
based on the EEMD algorithm, and the RDE of each intrinsic
mode function is calculated. Whether the IMF component
is a penetration overload signal is determined according to
the entropy value. Different filters are constructed, and the
superior noise reduction algorithm for penetration overload
signal is established. Besides, the judgment criterion of supe-
rior noise reduction algorithm is formed based on dynamic
uncertainty and approximation index. In view of the great
differences in the dynamic characteristics of each frequency
band of the board-level power distribution network, a seg-
mented calculation method is adopted in this paper to achieve
a comprehensive evaluation of the dynamic uncertainty of the
test system.

A. ESTIMATION OF DYNAMIC UNCERTAINTY OF DYNAMIC
TEST SYSTEM
The dynamic measurement error of the dynamic test system
is generally expressed by the dynamic uncertainty. In order
to obtain the measurement accuracy of the designed dynamic
test system, it is necessary to correctly estimate the dynamic
uncertainty of the designed system.

The amplitude-frequency response characteristic of the test
system is shown in Equation (36).

ASYS (f ) = Asen(f ) · Ach arg e(f ) · Afilter (f ) · APDN (f ) (36)

The phase-frequency response characteristic of the test
system is shown in Equation (37).

ϕsys(f ) = ϕsen(f )+ ϕch arg e(f )+ ϕfilter (f )+ ϕPDN (f ) (37)

The output of the signal x(t) through the actual system is
yr (t), and the output through the ideal distortion-free system
is yi(t), then the dynamic error of the system is:

ε(t) = yr (t)− yi(t) (38)

When the error is limited energy and limited power,
the total energy of dynamic error and the average power of
dynamic error are:

Wε =

∫
∞

−∞

ε2(t)dt (39)

Pε = lim
T→∞

1
2T

∫
∞

−∞

ε2(t)dt (40)

√
Pε is called dynamic root mean square error or dynamic

error effective value. For a time-limited signal x(n) of
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duration T0, the average power of error is:

Pεd =
Wε

T0
=

1
T0

∫
∞

−∞

ε2(t)dt (41)

According to Pasval theorem, there is:

Pε = ε2 =
∫
∞

−∞

Gε(ω)df (42)

The frequency response function of the ideal system is
Hi(jω), the actual system is Hi(jω)+1H (jω), and the power
spectral density of the signal is Gx(jω) = |X (jω)|2. The
dynamic error is caused by deviation from the ideal system
1H (jω):

Gε(ω) = Gx(jω) · |1H (jω)|2 (43)

The power spectrum of error is:

Pεd =
Wε

T0
=

1
T0

∫
∞

−∞

|X (jω)|2 |1H (jω)|2 df (44)

There are the following method to solve 1H (jω):

Hr (jω) = Kr (ω)ejϕr (ω) (45)

wherein, Kr (ω) is the amplitude-frequency characteristic of
the actual system, Kr (ω) = |Hr (jω)|, and ϕr (ω) is the
phase-frequency characteristic of the actual system. The fre-
quency characteristic of the ideal system is:

Hi(jω) = Kiejϕi(ω) (46)

The amplitude-frequency characteristic of the ideal system
in the working frequency band is a constant value. ϕ1(ω) is
the phase-frequency characteristic of the ideal system. The
relationship between the amplitude-frequency characteristic
and the phase-frequency characteristic of the ideal system and
the actual system are:

1ϕ(ω) = ϕr (ω)− ϕi(ω) (47)

1K (ω) = Ki − Kr (ω) (48)

On the Nyquist diagram, Hr (jω), Hi(jω) and1H (jω) form
a triangle, and the included angle of Hr (jω) and Hi(jω) is
1ϕ(ω). From the law of cosines:

|1H (jω)|2 = K 2
r + K

2
i − 2KiKr cos(1ϕ(ω)) (49)

Substitute Equation (48) into Equation (49), and obtain,

|1H (jω)|2 = 2[(Kr (ω))2 + Kr (ω) ·1K (ω)]

· (1− cos(1ϕ(ω)))+ (1K (ω))2 (50)

Although the interconnected power distribution network is
a complex structure, it can be simply divided into three simple
sectors in the frequency domain. In the lowest frequency
band, the voltage regulator module plays a decisive role in the
power distribution network within its own adjustment range.
The next higher frequency band is the bulk decoupling capac-
itor which plays a decisive role in the power distribution net-
work. The dynamic characteristics of the power distribution
network in the highest frequency band mainly depends on the

on-chip capacitance and the capacitance and equivalent series
inductance in the packaging. So the calculation is performed
based on sectors:

Pε =
fVRM∑
f=0

|1XLC (jω)|21f +
fBCAP∑
f=fVRM

|1XMC (jω)|21f

+

fm∑
f=fBCAP

|1XHC (jω)|21f (51)

wherein, fVRM is the maximum adjustable frequency of the
voltage regulator module, fBCAP is the maximum frequency at
which the bulk capacitor works,1f is the smallest frequency
step, 1XLC (jω) is the vector difference of the frequency
characteristics of the low frequency band, 1XMC (jω) is the
vector difference of the frequency characteristics of the mid
frequency band, and1XHC (jω) is the vector difference of the
frequency characteristics of the high frequency band.

B. THE DESIGN OF THE SUPERIOR NOISE REDUCTION
ALGORITHM
After the noisy penetration overload signal yr (t) obtained by
the system is decomposed by EEMD, the reconstructed signal
can be expressed as:

yr (t) =
n∑
i=1

IMFi(t)+ rn(t) (52)

wherein, IMFi(t) is the intrinsic modal function; rn(t) is the
remainder; n is the number of intrinsic modal functions. The
RDE of IMFi(t) is calculated as

Hi = FPE (IMFi(t)) (53)

wherein, Hi is the RDE of the intrinsic modal functions,
FPE is the function for calculating the sequence RDE, and the
specific calculation method can be found in Ref [23]. IfHL <
Hi < HH , we think that this intrinsic mode component is a
sudden penetration signal,and this inherent modal function is
considered as a mutational penetration signal, where HL is
the set lower limit of the threshold and HH is the set upper
limit of the threshold. The specific value should be calibrated
according to the system. Separate the intrinsic mode function
that meets HL < Hi < HH to obtain.

r(t) = yr (t)−
n∑
j=1

IMFj(t) (54)

wherein, IMFj(t) is the intrinsic mode function when the
entropy value meets HL < Hi < HH , and n is the
number of mode functions when the entropy value meets
HL < Hi < HH . Continue to perform EEMD decomposition
on r(t), and further separate the corresponding mode func-
tions until the entropy value of the intrinsic mode functions
of r(t) does not meet HL < Hi < HH .
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Add all mode functions that meet HL < Hi < HH to form
a filter, as shown in Equation (55).

LP =
m∑
j=1

IMFj(t) (55)

wherein,m is the total number of all mode functions when the
entropy value meetsHL < Hi < HH ,HL andHH is the key to
determining the filtering performance of the filter, which shall
be determined by calibration experiment. This paper adopts
the calibration test method based on the Hopkinson rod, and
takes the signal measured by the laser interferometer as the
standard signal. The specific experiment process is described
in detail in the experiment part.

The noisy penetration overload signal measured by the
system is written as:

yr = (yr1, yr1, · · · , yrm) (56)

The mean square error of the noise reduction deviation of
the algorithm is defined as:

MESf =

√√√√√ m∑
j=1

(ŷrj − yrj)2

m
(57)

wherein, yrj is the noisy penetration overload signal measured
at moment j = 1, 2, · · · ,m; m is the total number of sampled
signals; ŷrj is the result obtained by the algorithm after denois-
ing the signal measured by the test system, j = 1, 2, · · · ,m.

Considering MSEf being equal to zero, the reciprocal of
(MSEf +1) is called the algorithm approximation degree and
written as MSE−1f . It can be seen that 0 < MSE−1f ≤ 1,
the smaller the mean square error of the noise reduction
deviation MSEf , the closer the MSE−1f to 1, and the closer
the noise reduction result is to the original signal.

The signal measured by the Hopkinson rod laser interfer-
ometer is written as:

yi = (yi1, yi1, · · · , yin) (58)

The signal measured by the laser interferometer is consid-
ered as the ideal standard signal. According to the method
introduced above, solve the dynamic uncertainty of the noisy
penetration overload signal obtained by the system.

In terms of the noise reduction of the penetration overload
signal, not only the noise reduction effect should be taken
into consideration, but also whether the waveform after noise
reduction is closely related to the real signal. The smaller the
estimated dynamic uncertainty

√
pε, the closer the result after

noise reduction to ideal penetration overload signal.
It is expected that the result after noise reduction is suffi-

ciently similar to the ideal penetration overload signal (the
smaller the dynamic uncertainty

√
pε, the better, but the

greater the 1
√
pε

the better). At the same time, a better noise

reduction effect is also required (that is, the greater the algo-
rithm approximationMSE−1f the better). However, the actual
situation is that it is difficult to meet these two indicators at

the same time, so the criteria for establishing a superior noise
reduction algorithm are as follows:

Constraint conditions
max

{
1
√
pε

}
max

{
MSE−1f

} (59)

The objective function of noise reduction algorithm f is:

max{f } = max
{
α
√
pε
+ (1− α)

∣∣∣MSE−1f

∣∣∣} (60)

wherein, α, 1− α are the influencing factor of the algorithm
dynamic uncertainty and the approximation, whose weights
are determined according to the specific requirements of
signal processing. After α, 1 − α are determined, according
to the objective function f , the genetic algorithm is used to
solve the optimal HL and HH . The application of the genetic
algorithm will not be discussed in detail in this paper.

FIGURE 15. Test circuit board.

V. EXPERIMENTAL RESULTS
According to the method in the article, design the test cir-
cuit and select the device. The completed circuit board is
shown in Fig.15. It is mainly composed of impact sensor,
signal conditioning circuit, acquisition and storage circuit,
and batteries. In order to improve the impact resistance of
the system and shorten the connection between modules,
the sensor and each circuit module are installed in a cylin-
drical structure, glue is used for encapsulation, and the cylin-
drical structure is installed inside the projectile for test.The
21110 from Shanghai B&W Sensing Technology Co.Ltd
with a measuring range of 100000g and a sensitivity of
0.2pC/g is adopted. The ADC in the measurement system
uses ADI’s AD7768 with a resolution of 24bits. The mea-
surement accuracy of the measurement circuit to the electric
charge can reach 0.05pC/g, which can meet the requirements
of the selected sensor for the measurement circuit. However,
in practical applications, due to the installation method of the
sensor and testing system, the actual measurement accuracy
is required to be calibrated and tested. Besides, the measure-
ment accuracy of the testing system is given via the following
calibration experiment.

194890 VOLUME 8, 2020



D. Zhang et al.: Research on Dynamic Test of Hyper-Velocity Impact Penetration Acceleration Signal

FIGURE 16. Calibration test based on Hopkinson rod.

Fig.16 is the calibration test based on Hopkinson rod. Dur-
ing this experiment, the Hopkinson rod is made of titanium
alloy with a diameter of 16mm and a length of 1600mm. The
waveform adjustment pad and the accelerationmounting base
are tightly sucked on both ends of the Hopkinson rod via
industrial silicone grease and vacuum fixtures. The grating
is pasted on the cylindrical surface of the accelerometer
mounting base as the diffraction cooperation target of the
laser interferometer. The bullet hits the waveform adjustment
pad on the right side of the Hopkinson rod under the action
of compressed air, generating elastic stress pulse and prop-
agating to the left along the Hopkinson. The compression
pulse will be reflected on the free end surface of the sensor
mounting base as stretching pulse. When the compression
pulse and the reflected stretching pulse are superimposed,
static tension occurs at the interface between the Hopkinson
rod and the accelerometer mounting base, the sensor flies
away from the Hopkinson rod, and the laser interferometer
uses the diffraction grating attached to the mounting base as
the cooperative target to measure the excitation acceleration.
The output signal of the sensor will be recorded by the system.
By changing the pressure of compressed air, the shape of the
bullet head and the material of the adjustment pad, excitation
acceleration pulses of different amplitudes and pulse widths
can be generated.

Fig.17 is the sensor output signal measured by the designed
system. It can be seen that the peak excitation acceleration
measured by the designed system is 82797g, the pulse width
is 6.27us, and the measured signal contains a great amount
of noise. Fig.18 shows the test data curve of the laser inter-
ferometer. It can be seen that the acceleration peak value
measured by the laser interferometer is 80161g and the pulse
width is 6.04us. The signal measured by the laser interfer-
ometer is considered as the standard signal, and the effective
acceleration signal can be extracted by the superior noise
reduction algorithm based on Modified Ensemble Empirical
Mode Decomposition (MEEMD), as shown in Fig.19. The
result of data processing with the excellent noise reduction
algorithm based on Modified Ensemble Empirical Mode
Decomposition (MEEMD) proposed in this article is close
to the result measured by the laser interferometer. The data
processed by the Butterworth digital filter is quite different

FIGURE 17. The acceleration signal measured by the designed system.

FIGURE 18. The curve of test data of laser interferometer.

FIGURE 19. Sensor output signal and signal processed by an excellent
noise reduction algorithm based on MEEMD.

from the results measured by the laser interferometer. The
measured peak value of the impact acceleration is different
by 5000g. For the measurement of the impact acceleration,
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the first peak plays a decisive role. The data error is too large
after processing by the Butterworth digital filter. It can be
seen from Fig.18 that after being processed by the excellent
noise reduction algorithm proposed in this article, the noise
is greatly suppressed, and a good noise reduction effect is
realized. It can be calculated that the peak value error of the
test circuit to the impact acceleration measurement is 3.29%,
and the pulse width error is 3.81%, which also proves the
effectiveness of the method proposed in this article.

VI. CONCLUSION
The dynamic test of hyper-velocity impact penetration
acceleration signal is performed in this paper. Firstly,
the penetration velocity and acceleration of projectile under
hyper-velocity impact overload is analyzed. Its penetration
mechanism and failure mode are significantly different from
that of general penetration. The penetration velocity drops
sharply during the penetration process, and the falling edge
is very steep. The penetration acceleration is obtained by
differentiating the penetration velocity, and its variation is
evenmore dramatic. The falling edge of the penetration accel-
eration signal is evenmore steep. According to characteristics
of hyper-velocity impact penetration, this paper further stud-
ies the influence of movement of test unit on the measured
acceleration signal, and gives the factors to be considered
when measuring the hyper-velocity impact penetration.

In order to accurately measure the hyper-velocity impact
penetration process, according to the characteristics of the
hyper-velocity impact penetration acceleration signal, a mea-
surement circuit is designed, and dynamic models of the
sensor, amplifying circuit, filter circuit, and power distribu-
tion network are given. This paper focuses on the influence
of dynamic characteristics of power distribution network on
test accuracy, considering the influence of voltage stabilizing
module and decoupling capacitor on the impedance of power
distribution network, and presents a method to obtain the
dynamic characteristics of power distribution network by S
parameters, thus determining the influence of dynamic char-
acteristics of power distribution network on that of the entire
test system. This article fails to consider the crosstalk among
the various signals on the circuit board for the modeling of the
measurement circuit. Crosstalk is also a factor that affects the
measurement accuracy. This article focuses on the dynamic
characteristics of the power distribution network. The power
supply is regarded as an ideal power supply, but the actual
power supply is noisy, and the noise of the power supply is
also a factor that affects the measurement accuracy.

In order to evaluate dynamic characteristics of this type
of test system more objectively, the unevenness of the
amplitude-frequency characteristics of the test system and its
width in frequency domain are not simply considered as the
criteria for evaluating dynamic characteristics of the system,
but dynamic uncertainty estimation of the measured acceler-
ation signal. In view of the great differences in the dynamic
characteristics of each frequency band of the board-level
power distribution network, a segmented calculation method

is adopted in this paper to achieve a comprehensive evaluation
of the dynamic uncertainty of the test system. In order to
accurately obtain the real penetration overload signal, a supe-
rior noise reduction algorithm based on Modified Ensemble
Empirical Mode Decomposition (MEEMD) is proposed in
this paper. The Intrinsic Mode Function (IMF) is obtained
by decomposition based on the EEMD algorithm, and the
RDE of each intrinsic mode function is calculated. Whether
the IMF component is a penetration overload signal is deter-
mined according to the entropy value. Different filters are
constructed, and the superior noise reduction algorithm for
penetration overload signal is established. Further, the mea-
sured sensor data is analyzed by the proposed superior noise
reduction algorithm. The experimental results show that this
method has a better noise reduction effect to effectively
extract real penetration overload signal. Although the data
processing method proposed in this article can suppress mode
mixing to a certain extent, the amount of calculation is still
large and cannot meet the real-time requirement.

This paper deeply studies dynamic test of hyper-velocity
impact penetration acceleration signal. The results have the-
oretical research and application value to evaluate the rea-
sonableness and effectiveness of measurement method of
hyper-velocity penetration overload signal, seek for a supe-
rior processing method for the noisy penetration overload
signal, and promote the studies on penetration effect and its
internal mechanism of hyper-velocity.
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