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Motion trajectory measurement
of explosively-driven flyer by
detonator based on multi-point
velocity testing
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The motion trajectory of the flyer plays a crucial role in evaluating the shock
detonation performance in detonator experiments. We used a multi-point
Photon Doppler Velocimetry device to measure the flyer’s motion trajectory.
When the flyer’s free surface deforms, the optical axis forms an instantaneous
angle with the normal velocity at the reflected spot, causing the spot to
undergo a moving displacement. The average velocity of this displacement
has components both along and perpendicular to the optical axis. The velocity
component perpendicular to the optical axis does not affect the beat frequency
of the reflected spot along the beam path. However, the optical phase difference
changes with the displacement on the surface, representing the instantaneous
average velocity of the normal displacement. The tilt angle can be obtained by
combining the velocity vector along the beam path with the normal velocity
vector. The normal displacement and tilt angle from the detection point, along
with the detection azimuth of each laser probe, are used to calculate the multi-
point three-dimensional coordinates of the flyer as it changes in space over
time. The coordinates affected by noise are corrected using Kalman filtering,
and curved surfaces are drawn to obtain the motion trajectory as it changes
with time. Based on the flyer’s deformation characteristics and the limitations
of the Doppler shift, we analyze and model the signal data obtained from the
detonator explosion experiment. This algorithm provides theoretical support
for evaluating the shock detonation performance of different micro-charged
columns by studying the explosively driven flyer.

KEYWORDS

micro-charged column, photon Doppler velocimetry, multi-point device, flyer velocity,
motion trajectory

1 Introduction

The detonator, as the most representative example of the new high-security
detonation class of pyrotechnics, plays a crucial role in detonation dynamics.
With the evolution of detonator charges towards passivation and quantification of
micro-charges, the motion trajectory of the flyer has become increasingly important
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for both research and practical applications [1]. However, due
to its small size (typically on the millimeter scale) and high-
speed, instantaneous nature, conventional measurement methods
struggle to accurately capture the flyer’s dynamic parameters [2].
Current studies on flyer shapesmainly rely onnumerical simulations
[3], which cannot directly measure dynamic changes. Photon
Doppler Velocimetry (PDV), however, offers great potential for
these studies, providing accurate, non-contact measurements of
velocity, displacement, and acceleration on moving surfaces. PDV
is particularly well-suited for high-speed temporal analysis and
visualization of velocity fields in transient conditions like blasting
[4] and other high-speed measurement scenarios [5].

PDV is sensitive to the surface reflectivity characteristics and
motion state of the target, and it is necessary to select an appropriate
measurement method that considers the specific measurement
requirements and environmental conditions. Ameasurable Doppler
shift is generated only when the velocity of the target changes
along the optical axis [6]. The measured velocity of the Doppler
shift is the projection of the actual velocity onto the incoming and
outgoing direction vectors of the optical path. The integral of the
measured velocity will only accurately reflect the change in distance
if the normal velocity at the reflected spot is exactly parallel to
the optical axis [7]. In explosively-driven flyer experiments, the
surface shape of the flyer constantly changes, and this change of
direction is not entirely parallel to the optical axis [8], causing the
reflected spot to undergo displacement on the flyer’s surface. The
average velocity of this displacement includes components along and
perpendicular to the optical axis, with the perpendicular component
not affecting the measurable Doppler shift. However, the time-
dependent phase of the Doppler signal contains the optical phase
difference generated by the displacement of the reflected spot on
the flyer’s surface [9]. Angular information can be obtained from
the time-dependent phase of the Doppler signal according to the
deformation characteristics of the flyer and the limitation that the
Doppler shift only measures the motion of the portion arising from
the velocity component along the beam. This angle information
represents the bending degree of the flyer’s surface during flight.

A multi-point PDV device can synchronously detect the surface
of the flyer. As shown in Figure 1, the three-dimensional motion
trajectory of the detection point can be calculated based on the
detection azimuth θ and detection radius r of the probe, the surface
tilt angle β of the flyer, and the normal displacement D. The flyer’s
surface is fitted based on motion trajectories detected by the multi-
point. This method provides a valuable reference for evaluating the
impact initiation performance of different micro-charged columns
by analyzing the explosively driven flyer. It also contributes to a
better understanding of themotion characteristics of the flyer during
explosion dynamics.

2 Motion trajectory measurement
based on multi-point PDV device

2.1 Based on the beat frequency and phase
PDV measurement principle

The measured velocity of the PDV is the projection
of the actual velocity onto the incoming ̂i and outgoing

FIGURE 1
Diagram of the probe detecting the flyer’s surface.

̂o direction vectors of the optical path, as shown in
Equation 1.

v∗ = v⃗ · ô−
̂i

2
= vn(

cosθ2 + cosθ1
2
)+ vt(

sinθ2 − sinθ1
2
) (1)

Where θ1 is the illumination angle, θ2 is the collection angle on
both sides of the surface normal. In specular reflection (θ1 = θ2),
the velocity of the target along the path of the beam does not carry
information about transverse motion vt. The apparent velocity is
vn cosθ.

As shown in Figure 2, when the angle between the normal
velocity vn(t) of the reflected spot and the optical axis is 0°, the
relationship between the normal velocity vn(t) and the Doppler shift
fd(t) is shown in Equation 2.

f d(t) = 2vn(t)/λ0 (2)

As shown in Figure 3, due to the deformation of the surface of
the flyer, there is an instantaneous angle β between the optical axis
and the normal velocity of the detection point. The reflected spot
undergoes a moving displacement on the surface of the flyer. The
average velocity of this displacement includes components along
and perpendicular to the optical axis. The displacement component
∆x in the direction perpendicular to the optical axis [11, 12]
contributes to speckle variation but not the measurable Doppler
shift at non-relativistic speeds [10]. According to Equation 3, the
reflection point undergoes a moving displacement ∆s on the
surface, and the optical phase difference ∆φ of the continuous
wave signal changes accordingly. Based on physics principles, the
integral velocity vector aligns with the instantaneous direction
of the displacement.

∆φ = 2π∆s
λ0
= 4π

λ0
∫
t

0
vn(t)dt (3)

Therefore, in the presence of an instantaneous angle β between
the optical axis and the normal velocity of the detection point, the
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FIGURE 2
The angle is 0° between the optical axis and the normal velocity of the
reflected spot.

FIGURE 3
The angle is β between the optical axis and the normal velocity of the
reflected spot.

transverse displacement perpendicular to the optical axis does not
affect the measurable Doppler shift. However, the velocity solved by
the time-dependent phase is the vector sum of the velocity along
and perpendicular to the optical axis. The relationship between the
velocity of the reflected spot along the optical axis vd(t) and the
normal velocity vn(t) is shown in Equation 4.

vd(t) = vn(t) · cosβ (4)

The measurable Doppler shift of the interference signal is
proportional to the velocity of the detection point along the beam
path, and the phase is proportional to the displacement. The time-
frequency analysis method is used to obtain the beat frequency
curve over time and then solve for the velocity, which is the
velocity analysis mode. The phase is solved directly by analyzing
the interference signal, and the displacement is calculated and then
differentiated to obtain the velocity, which is the displacement
analysis mode.

In the current PDV literature, the effect of signal phase
changes due to the motion displacement of reflected spots on

target surfaces is seldom discussed. However, in our study, when
the detection target is a dynamic surface, the displacement
of the reflected spot alters the optical phase difference. The
displacement solved by the optical phase difference in this paper
does not refer to the forward movement of the flyer along the
optical axis, but rather to the vector sum of the reflected spot’s
displacement both along and perpendicular to the optical axis.
The direction of the displacement vector sum follows the normal
of the reflected spot. Therefore, the normal velocity in this paper
explicitly refers to the instantaneous average velocity of this
displacement.

Furthermore, due to the displacement component of the
reflected spot on the flyer’s surface perpendicular to the
optical axis, we address the limitations of measurable Doppler
shifts by relating the velocity obtained from beat frequency
and phase to angular information. This aspect of our work
represents a significant departure from existing studies, which
have not fully considered these displacement components
in their models.

2.2 Principle of measuring the trajectory of
the flyer

As shown in Figure 4, the multi-point 3D coordinates of the
flyer in space, which change with time, can be calculated based on
parameters such as detection radius, normal displacement, detection
azimuth, and tilt angle using the PDV device.

First, the detection azimuths θ and detection radius r of the
four probes are designed and arranged in appropriate positions
to cover the target area. Subsequently, the PDV device is used to
simultaneously collect the Doppler signals of the flyer’s motion from
the four probes. During the measurement process, deformation
of the flyer is inevitable, causing instantaneous displacements
of the normal velocity at the detection points. By performing
velocity analysis and displacement analysis on the signals, the
velocity along the optical axis and the normal velocity of the
detection points are obtained, and the tilt angle β is solved
through association. Each signal is processed to calculate the tilt
angle β and the normal displacement D of the corresponding
detection point.

Using the data collected by the four probes, a mathematical
model is applied to calculate the time-varying 3D coordinates (X,
Y, Z) of multiple points on the flyer surface, thereby obtaining the
time-varying multi-point 3D positions of the flyer. Finally, Kalman
filtering is employed to correct the coordinates affected by noise,
and the corrected multi-point 3D coordinates are plotted into a
surface to provide a complete representation of the flyer’s motion
trajectory over time.

2.2.1 Velocity along the optical axis
demodulation based on STFT

The photon Doppler signal after the short-time Fourier
transform (STFT) [13], in the absence of high-frequency noise
interference, exhibits a single peak spectrum in each window
function spectrum.Thebeat frequency curve of theDoppler signal is
obtained by extracting themaximumamplitude spectrum frequency
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FIGURE 4
Flow chart for measuring the trajectory of the flyer.

from eachwindow spectrum. Equation 2 is then used to demodulate
the velocity vd(t) along the optical axis.

2.2.2 Normal velocity demodulation based on
phase

The photon Doppler interference signal [6] can be written as

i(t) = a(t) + b(t)cos [φ(t) +φ0] (5)

Among them, a(t) is the DC voltage amplitude, b(t) is the
AC voltage amplitude, φ(t) is the optical phase difference, and

φ0 is the initial phase. Equation 5 can also be expressed as
Equation 6 [14]

i(t) = a(t) + c(t)exp(i2πf 0) + c
∗ exp(−i2πf 0) (6)

in which

c(t) = (1/2)b(t)exp [iφ(t)] (7)

The Fourier transform of i(t) can be expressed as Equation 8.

I(f ) = A(f ) +C(f 0 − f d) +C
∗(f 0 + f d) (8)
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The spectrum is divided into three parts, where A( f) is
the zero-frequency component of the DC signal, C( f0 − fd) and
C
∗
( f0 + fd) represent the spectrum including the signal amplitude

and phase. The spectrum information of C( f0 − fd) and C
∗
( f0 + fd)

is redundant. Setting A( f) and C
∗
( f0 + fd) to zero, only the

spectrum component of C( f0 − fd) is retained [15, 16]. Then
perform the inverse Fourier transform (IDFT) on C( f0 − fd)
to obtain c(t)exp(i2π f0), and subsequently perform logarithmic
transformation, as shown in Equation 9. It can be observed that the
phase difference φ(t) is completely separated from the representative
amplitude change b(t).

ln[c(t)exp(i2πf 0)] = ln[(1/2)b(t)] + i[φ(t) +φ0] (9)

The phase distribution between -π∼π can be obtained by taking
its imaginary part, as shown in Equation 10.

φ(t) = Im{ln[c(t)exp(i2πf 0)]} = φ0 +φ(t) (10)

By unwrapping φ(t) and removing the initial phase φ0,
the optical phase difference information φ(t) can be obtained.
According to the relationship between phase and displacement, the
displacement can be expressed as.

D(t) =
φ(t)λ
4π

(11)

Among them, λ is the wavelength of the light source.
By differentiating the displacement, the instantaneous average
speed v(t) of the displacement can be obtained, as shown in
Equation 12.

v(
t1 + t2
2
) =

D(t2) −D(t2)
t2 − t1

(12)

Since the digital differentiator is very sensitive to noise, to reduce
the effect of noise in practical applications, the displacement can be
processed by piecewise averaging first, followed by the differential
operation. Digital low-pass differentiators are typically required to
have a simple, low-order structure and enable fast differentiation
[17]. Based on the analysis of minimum squared error, optimum
cut-off frequency, noise amplification factors, and signal-to-noise
ratio for digital differentiators in Ref. [18], we selected the Smooth-
I DD digital differentiator. Smooth-I DD consists of a moving
average filter of length 2M1+1 and a simple digital differentiator
of length 2M2+ 1, where M2 = [M/2], M1 = M - M2, and [·]
denotes the operator that rounds the nearest integer. When the
length of Smooth-I DD is 2M + 1, it is represented as shown
in Equation 13.

y(n) =
M

∑
k=1

[x(n+ k) − x(n− k)]
M(M + 1)

,M ≥ 2 (13)

2.2.3 Motion trajectory tracking based on the
Kalman filter

The detection distance and angle between the probes
are shown in Figure 5. Probe one is located at the coordinate origin,
probes 2, 3, and four are each at a distance r from the origin, and the
angle between them is 120°.

Assume that the trajectory coordinates measured by probe 1,
probe 2, probe 3, and probe four are (X1, Y1, Z1), (X2, Y2, Z2),

FIGURE 5
Design of detection range and orientation.

(X3, Y3, Z3), and (X4, Y4, Z4), respectively. Then the multi-point 3D
coordinate (X, Y, Z) matrix of the flyer motion trajectory is shown in
Equation 14.

[[[[[

[

X1 Y1 Z1

X2 Y2 Z2

X3 Y3 Z3

X4 Y4 Z4

]]]]]

]

=
[[[[[

[

0 D1 sin(β1) D1 cos(β1)
0 D2 sin(β2) D2 cos(β2)
0 D3 sin(β3) D3 cos(β3)
0 D4 sin(β4) D4 cos(β4)

]]]]]

]

+
[[[[[

[

0 0 0
0 r 0

−r · cos30° −r · sin30° 0
r · cos30° −r · sin30° 0

]]]]]

]

(14)

Among them, D is the normal displacement, and β is the angle
between the optical axis and the normal direction of the detection
point, also regarded as the tilt angle. The displacement and tilt angle
determine the changes in the (Y, Z) coordinates of all detection
points, and the X coordinate is completely determined by the
orientation matrix P, as shown in Equation 15.

P =
[[[[[

[

0 0 0
0 r 0

−r · cos30° −r · sin30° 0
r · cos30° −r · sin30° 0

]]]]]

]

(15)

Affected by the vibration of the detection environment, noise
and signals are collected together, and the coordinates of each
detection point (Y, Z) inevitably produce errors. Therefore, the
motion trajectory of the flyer is corrected based on Kalman
filtering. The flyer is measured in polar coordinates, with the
measurement parameters being the displacement D and the tilt
angle β. When the tracking filter is performed directly in the
polar coordinate system, even if the target undergoes the simplest
uniform linear motion, its form becomes a complex nonlinear
equation. Therefore, the Cartesian coordinate system is chosen
as the tracking coordinate system to simplify the state equation.
After appropriately linearizing the measurement equations, existing
tracking filter algorithms can be applied [19]. A commonly used
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linearization method for measurement equations is the coordinate
changemethod,which converts polar coordinatemeasurements into
equivalent Cartesian coordinate measurements and converts the
additive noise in polar coordinate measurements into equivalent
additive noise in Cartesian coordinate measurements.

The flyer undergoes variable acceleration motion, with time
units on the order of microseconds. The velocity at adjacent
moments is close in the case of high-frequency resolution. The
acceleration at moment k-1 can be used to estimate the velocity at
moment k in the state equation, as shown in Equation 16.

v(k + 1) = v(k) + a(k)Ts ≈ v(k)[1+ a(k)T/v(k − 1)] (16)

Let the state vector X = [y vy z vz] of the
observation equation, and the state transition at time k+1
is shown in Equation 17.

X(k+1) =
[[[[

[

y(k+1)
vy(k+1)
z(k+1)
vz(k+1)

]]]]

]

=
[[[[

[

1 Ts 0 0
0 1+ a(k)·Ts/vy(k−1) 0 0
0 0 1 Ts
0 0 0 1+ a(k)·Ts/vz(k−1)

]]]]

]

[[[[

[

y(k)
vy(k)
z(k)
vz(k)

]]]]

]

+Wk−1= FXk +Wk−1

(17)

Among them, T s is the interval between two adjacent moments,
X represents the state, F is the state transition matrix, and Wk−1
is the process noise obeying Gaussian distribution. Assuming
that the polar coordinates of the target obtained from the
measurement are Z = [D β]T, D and β are converted to y and
z-axis Cartesian coordinate values by coordinate transformation
as shown in Equation 18. Then its measurement equation Z
is shown in Equation 19.

[
y
z
] = [

Dsinβ
Dcosβ
] (18)

Z = [
D
β
]+[

wD

wβ
] = [

[

√y2 + z2

arctan(y/z)
]

]
+[

vD
vβ
] (19)

The measurement noises vD and vβ are mutually independent
smooth Gaussian noises, and the variances are σ2

D and σ2
β

respectively.
The measurement matrix of the Jacobian H is shown in

Equation 20.

H = ∂h
∂x
=
[[[[

[

y

√y2 + z2
0 z
√y2 + z2

0

1/z
1+ (y/z)2

0 −y/z2

1+ (y/z)2
0

]]]]

]

(20)

When the measurement error in the polar coordinate system
is relatively small, the approximate representation of equivalent
measurement cross-covariance matrix in the Cartesian coordinate
system is obtained through first-order differentiation, as shown in
Equations 21, 22.

[
dy
dz
] = [

dD · sinβ+ dβ ·Dcosβ
dD · cosβ− dβ ·Dsinβ

] (21)

FIGURE 6
Schematic of the profile of detonator detonation experiment.

R′ = [
σ2y σyz
σyz σ2z

] ≈ [

[

σ2D sin
2β+ σ2βD

2 cos2β (σ2D − σ
2
βD

2) sin βcosβ

(σ2D − σ
2
βD

2) sin βcosβ σ2D cos
2β+ σ2βD

2 sin2β
]

]
(22)

To summarize, the (Y, Z) coordinates of the four detecting points
are corrected by Kalman filtering, and the orientation matrix P
is added to obtain the multi-point 3D coordinates (X, Y, Z). The
motion trajectory of the flyer over time is obtained by plotting a
surface using multi-point 3D coordinates.

3 Experiment and data analysis

The multi-point PDV device was used to measure the motion
trajectory of the flyer explosively driven by the detonator. The laser
wavelength is 1550 nm, and there are four test channels with 25 mW
per channel. The detector bandwidth is 10 GHz, the oscilloscope
bandwidth is 12.5 GHz, and the acquisition frequency is 1011Hz.
During the measurement process, it is necessary to monitor the
reflected power collected by the probe. Higher reflected power helps
improve the signal-to-noise ratio.

Figure 6 is a schematic sectional view of the detonator
detonation experiment using an explosive foil to ignite a micro-
charged detonator to generate a shock wave to drive the flyer. Under
the action of detonation waves and detonation products, the flyer is
sheared and moves at high speed through the acceleration chamber
toward the fiber optic probe. It is important to design an appropriate
probe fixture to ensure that the probe remains perfectly vertical
during the measurement process. Using an optical fiber collimator
can help reduce interference from scattered light. In the experiment,
the diameter of the optical fiber probe is 1.8 mm, the working
distance is 10 mm, and the spot size is 20 μm.

Figure 7 shows the physical configuration of the probe clamp,
where 1, 2, 3, and four correspond to the oscilloscope channels
connected to the laser probes for later signal processing. Probe one
is positioned at the coordinate origin, while probes 2, 3, and four are
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FIGURE 7
The physical object of the probe clamp.

located 3 mmaway from the origin, spaced evenly at an angle of 120°
from each other.

As shown in Figure 8, the photon Doppler signals of the
explosively-driven flyer are collected by four oscilloscope channels,
with the channel numbers corresponding to the probe positions
indicated in Figure 7. The PDV signals can have their DC offset
removed through preprocessing methods. First, the normal velocity
of the photonDoppler signal is demodulated based on the phase.The
signal processing steps are then illustrated in detail using the photon
Doppler signal collected by oscilloscope channel 3 as an example.
The spectrum of the collected Doppler signal often contains a
large amount of high-frequency noise due to the vibration of the
detection environment. After Fourier transforms theDoppler signal,
the inverse Fourier transform is not applied to the entire spectrum
in order to reduce the influence of noise. Instead, empirical mode
decomposition (EMD) of the photon Doppler signal is performed
first. The left column of Figure 9 shows the first five intrinsic
mode functions (IMF) after the EMD, and the right column shows
the corresponding spectrum of the IMF after the discrete Fourier
transform (DFT). Since the beat frequencies are fully contained in
the spectrum of the IMF2, only the spectrum of the IMF2 is further
processed.

The amplitude of the Doppler signal changes periodically
with time, with the maximum amplitude spectral frequency being
the beat frequency. Since displacement differentiation in phase
demodulation is highly sensitive to noise, the phase information
of the non-beat frequency must be removed. Any amplitude
less than 10−4 is considered noise. The inverse discrete Fourier
transform (IDFT) is applied to the signal spectrum after setting the
amplitude of the noise spectrum to zero. The wrapped phase in the
signal is extracted and then unwrapped. After removing the initial
phase, the frequency-shifted phase is set to start from zero. The
displacement is calculated based on the relationship between phase
and displacement in Equation 11, and the time-displacement curve
is obtained by segmented averaging.

FIGURE 8
Multi-point PDV device acquires four sets of photon Doppler signals.

The instantaneous average velocity, representing the normal
displacement of the reflected spot, is obtained by differentiating
the displacement. The velocity component along the optical
axis is then derived through velocity demodulation of the
beat frequency. Since the time resolutions of the two velocity
demodulation algorithms differ, it is necessary to unify the time
axis before calculating the tilt angle by combining the two velocity
vectors. The initial velocity growth trend is influenced by the
algorithmic difference. Therefore, the velocity value from the
phase demodulation, which is slightly larger than that from
the beat frequency demodulation, is selected as the starting
point. The velocity curves from both algorithms are fitted using
polynomial regression, and the time axis is unified. The residual
sum of squares (RSS) for the fits is one and 0.9996, respectively,
confirming the reliability of the data. Figure 10 shows the velocity
comparison between the two algorithms after unifying the time
axis, and the angle is then calculated by combining the velocity
components.The angle increases rapidly in the initial phase and then
gradually levels off.

Finally, the corresponding instantaneous displacement value
is found according to the velocity of phase demodulation. In
summary, the normal displacement and tilt angle under the same
time coordinate axis can be obtained by processing the photon
Doppler signal from one of the detection points. A total of four sets
of normal displacement and tilt angle information are obtained after
applying the same data processing to the remaining three channels.
The motion trajectory of the (Y, Z) coordinates of each channel
can be calculated. The orientation matrix is calculated based on
the distance and orientation between the four probes to determine
the magnitude of the X-axis coordinate. As shown in Figure 11,
the motion trajectory of the multi-point 3D coordinates (X, Y, Z)
is obtained. The x-axis and y-axis are primarily determined by the
detection positions of the probes, as shown in Figure 7, while the z-
axis represents the displacement of the flyer as it moves toward and
impacts the probe. The color bars represent displacement and share
the same unit as the z-axis.
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FIGURE 9
Empirical mode decomposition of photon Doppler signal.

FIGURE 10
Velocity comparison of the two algorithms.

The measurement signal is inevitably affected by noise due to
the vibration of the detection environment, resulting in errors in the
solution of the (Y, Z) coordinates.Therefore, Kalman filtering is used

to correct each measurement signal’s (Y, Z) coordinates. Kalman
filtering may make measured values smoother and more stable,
especially in high-noise environments. As shown in Figure 12, the
Kalman filter performs optimal estimation based on the measured
values, resulting in stable estimated values that align with the growth
trend of the measured values.

Figure 13 shows the motion trajectory of the corrected multi-
point 3D coordinates. Compared with Figure 11, the transition of
the corrected 3D coordinates on the same plane is clearer. Surface
fitting can present better results.

As shown in Figure 14, curved surfaces are plotted to determine
the flight attitude of the flyer based on the motion trajectory of
multi-point 3D coordinates (X, Y, Z). The duration of the flyer’s
entire motion trajectory change process is 0.2μs. A higher signal
acquisition frequency results in higher time resolution, meaning
more signal points are collected per unit of time, thus allowing for a
more detailed capture of the flyer’s motion trajectory.

The motion trajectory process of an explosively-driven flyer by
a detonator is as follows [3]. In the initial stage, the shock wave
reaches the center of the flyer, accelerating it initially. As the flyer
shears, some of the shock wave energy is consumed at the edges,
causing a decrease in the driving force at the outer parts. This
results in the edges lagging behind, exhibiting a hemispherical flight
attitude. In the mid-stage, the shock wave impacts the side wall of
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FIGURE 11
Multi-point 3D coordinates.

FIGURE 12
(Y, Z) coordinate correction based on Kalman filtering.

the acceleration chamber and is reflected, reinforcing the driving
force near the side wall. Most regions of the flyer accelerate to
approximately the same velocity as the center, with only the edges
having slightly lower velocities, resulting in a flattened attitude of the
flyer. Finally, after undergoing multiple reflections and stabilizing,
the shock wave continues to accelerate the flyer, making its flight
attitude increasingly spherical.

Figure 15 illustrates the typical flight attitude of the flyer at
different times, providing a clear observation of the trajectory
transformation process. During the initial and final stages, the flight
attitude exhibits a pronounced spherical shape under the shock

wave’s impact. However, in the middle stage, the flight attitude
appears relatively flat due to the reflection of the shock wave.
The detonator’s impact detonation performance can be assessed by
quantifying the degree of surface bending exhibited by the flyer.
The flight attitude of the flyer is consistent with observations based
on X-ray flash photography [2] and aligns with the shape obtained
through numerical simulation of the detonator parameters [3].

The measurement errors of the motion trajectory can be
analyzed from the following aspects. Firstly, the wavelength stability
of the laser source is considered. The wavelength jitter range of the
1550 nm laser source is ±0.4 nm, resulting in a velocity error range
of ±0.6 m/s. From the perspective of signal processing algorithm
accuracy, the sampling frequency is 1011Hz, with the number
of sampling points typically set to 2048. The velocity resolution
between spectral lines is 37.84 m/s. The oscilloscope bandwidth
is 12.5 GHz, and the photodetector bandwidth is 10 GHz. The
measurement system is capable of tracking high-speed moving
targetswith amaximumvelocity of 7000 m/s.These errors arewithin
an acceptable range for engineering applications.

To improve velocity measurement accuracy, lasers with narrow
linewidth, stable frequencies, and stable output power should be
selected, along with photodetectors that have high responsivity,
short response time, and low noise-equivalent power. The
oscilloscope’s bandwidth and sampling rate should be appropriately
chosen based on the target’s velocity range, and signal processing
algorithms should be optimized according to the characteristics
of the signal. In experiments, optical fiber collimators with low
insertion loss should be used to reduce the interference from
scattered light. Additionally, adjusting the probe’s position to be
perpendicular to the target surface or enhancing the reflectivity of
the target surface can further improve the probe’s ability to collect
reflected light power.
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FIGURE 13
Corrected multi-point 3D coordinates.

FIGURE 14
Motion trajectory of flyer in space.

However, this motion trajectory measurement method still
has certain limitations, primarily depending on the dynamic
characteristics of the target surface. During the measurement
process, the target surface needs to be in a dynamically changing
state, with the change direction typically along the optical axis.
Additionally, detection points on the dynamic surface will generate
displacement components perpendicular to the optical axis. Targets

driven by shock waves typically exhibit these characteristics.
In the future, by combining with other advanced measurement
technologies, it will be possible to compensate for the limitation of
Doppler shift, which can only measure the velocity component
along the beam direction, thus achieving higher precision
displacement measurements and more comprehensive target
trajectory analysis.
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FIGURE 15
Typical flight attitude of the flyer at different times.

4 Conclusion

This paper utilizes a multi-point PDV device to measure the
motion trajectoryof anexplosivelydrivenflyerbyadetonator. Initially,
the detection orientation is determined based on the distance and
angle between the probes, and then the photon Doppler signal of
each detection point is obtained. The velocity of each detection point
is calculated separately using both the classic velocity analysis mode
and the displacement analysis mode. As the flyer’s surface deforms,
an instantaneous angle is generated between the optical axis and the
normal velocity of each detection point. The velocity obtained by the
STFT represents the velocity along the optical axis, while the velocity
obtained by the IDFT represents the instantaneous average velocity of
the normal displacement of the detection point. The tilt angle can be
derived by combining the velocity vector along the optical axis with
thenormal velocity vector.Themulti-point 3Dcoordinates of theflyer,
which change over time, are obtained from the normal displacement,
azimuth, and tilt angle of each detection point. After correcting the
motion trajectory using Kalman filtering to mitigate noise and errors,
curved surfaces are plotted to visualize the motion trajectory. The
reconstructed motion trajectory of the flyer accurately reflects the
changesdrivenby thedetonation,providing fundamental test data and
theoretical support for evaluating the performance of micro-charged
columns by analyzing the explosively driven flyer.
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