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Abstract: This article proposes a measurement method using a multi-dimensional LED detection
array, which can be used to obtain the flight parameters (i.e., impact coordinates, flight velocity,
and incident angle) of a small flying object. Firstly, the composition of the proposed system and
its detection principle are described in detail. Then, a calculation model is derived according to
the geometrical relationship between the different LED detection arrays, which can calculate the
above flight parameters. Furthermore, numerical simulations are performed to analyze the change
trend in the measurement error of the proposed system, and it can be verified that its measurement
performance meets the related requirements in theory. Finally, we use the proposed system and
a high-speed camera system to carry out comparison experiments with two different reference
velocities of 900 m/s and 700 m/s, and the results show that the maximum deviation in the measured
absolute velocity is always less than 1 m/s and that the maximum deviations of the measured
coordinates of x and y are not more than 2 mm within the effective measurement range. Therefore,
the proposed measurement method is feasible and effective, and it can also meet the requirements of
the measurement system.

Keywords: small flying object; photoelectric detection; damage effect; laser detection screens; velocity
measurement

1. Introduction

Generally, investigations into protective materials often focus on how to reasonably
and scientifically estimate the damage after impact of a small flying object (e.g., fragmenta-
tion, meteorite, hail, projectile, etc.) with a high velocity [1,2]. Accurately obtaining key
parameters such as the hit position, flight speed, and attitude angle can provide some im-
portant references for improving the protective performance of the material [3]. Obviously,
a non-contact measurement method should be used to obtain the above-mentioned key
parameters. Otherwise, it will lead to serious deviations in these key parameters, thus
affecting the accuracy and objectivity of the evaluation of the damage effect [4,5]. If a
small flying object hits the surface of a target perpendicularly, this will cause the maximum
damage to the protective material layer of the attacked target. Obviously, this can provide
some scientific reference to improve the performance of the protective material. Generally
speaking, the trajectory of small flying objects cannot be completely perpendicular to the
protected target surface due to some disturbance factors. Typically, protected objects are of-
ten larger in volume, such as protective shelters, aircraft skins, windshields, and shellproof
armor. This requires the ability to effectively, accurately, and reliably measure the above
key parameters within a large area (e.g., 5 m × 5 m or even larger). Therefore, this presents
a greater challenge to existing relevant measurement methods.

Photonics 2023, 10, 1313. https://doi.org/10.3390/photonics10121313 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics10121313
https://doi.org/10.3390/photonics10121313
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0001-8268-2620
https://orcid.org/0009-0004-1612-4216
https://orcid.org/0000-0001-6400-1553
https://orcid.org/0000-0002-9358-4919
https://doi.org/10.3390/photonics10121313
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics10121313?type=check_update&version=1


Photonics 2023, 10, 1313 2 of 15

So far, many investigations have been carried out in this field. A measurement system
based on LED array detection can simultaneously measure the impact coordinates, flight
velocity, and incident angle of a high-velocity object. Its detection area is mainly generated
by the LED array and the photodetector array, and thus the size of the detection area can be
determined by adjusting the number of LEDs and detectors. In this measurement system,
multiple detection areas are formed according to a certain structural relationship. When
a small flying object passes through these detection areas, it blocks part of the light in
the detection areas. Accordingly, this leads to a reduction in the light received by some
photoelectric detectors, and then they output several signals correspondingly. Through
a time-domain analysis, the time at which the projectile arrives at these detection areas
can be obtained from these signals. According to the measurement model, some related
parameters, including the impact coordinates, flight velocity, and incident angle of the
projectile, are calculated in combination with these time parameters [6,7]. However, it
is difficult to build a detection area larger than 5 m × 5 m due to the high cost and its
insufficient mechanical strength. Similar to the measurement model of the above system, a
passive photoelectric measurement system with intersecting detection areas can also realize
the above functions. Unlike the above measurement system, it uses the sky background as
the light source instead of the LED array; moreover, its detection area can be effectively
formed without a support frame [8,9]. This system has some advantages such as a high
precision, high sensitivity, and low cost, but its detection performance is also easily affected
by the environment. More importantly, it is difficult to expand the size of the detection
area of systems based on passive detection theory. Additionally, there is also a high-speed
photography system which can effectively measure the above parameters. This system
generally uses multiple high-speed cameras to capture a series of images of a high-velocity
flying object, and then it can measure the spatial position of the small flying object according
to the related image parameters. It has several characteristics such as real scene recording,
non-contact measurements, and a high measurement accuracy. Through the interpretation
and calculation of these sequence images, the impact coordinates, flight velocity, and
incident angle of the impact object are effectively obtained [10,11]. Moreover, an acoustic
target system uses sensor arrays to obtain the shock wave signal generated during the
flight of a small supersonic object in order to calculate the impact coordinates. A large test
area (up to 20 m × 20 m) can be achieved by increasing the number of sensors and proper
array placement. However, this means more inconvenience and costs, and its measurement
model requires the flying object to be perpendicular to the target surface. Otherwise,
significant theoretical errors will be introduced. It is also more affected by environmental
factors, as the wind speed can change the path of the sound waves [12,13]. Therefore, it is
necessary to develop a novel method to efficiently acquire these parameters over larger
detection areas.

In this article, we propose a measurement method to obtain the flight parameters of a
small flying object. Firstly, we develop a measurement system based on a multi-dimensional
LED detection array and describe its composition and detection principle. Then, the
measurement model of the system is derived according to the spatial structure relationship
among six laser screens of the LED detection array. Furthermore, we analyze the systematic
errors of velocity and impact coordinate measurements. Finally, comparison experiments
were performed to show the validity and feasibility of the proposed measurement method.

2. Materials and Methods

In this research, we develop a measurement system with a six-screen detection array
to obtain the three-dimensional velocity vector and the impact coordinates of a small
flying object. The proposed system is mainly composed of a laser detection array, a signal-
processing device, and a computer, as shown in Figure 1. In this system, the laser detection
array consists of six detection units. The detection principle of a single detection unit is
shown in Figure 2. When a small flying object passes through a detection area (also called a
laser screen), a part of the reflected laser is received by a receiving device equipped with an
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optical lens, filter, slit diaphragm, photodiode, and signal-processing circuit. This causes
the photocurrent of the photodiode to suddenly change. After the circuit processing, a
trigger signal is generated [14,15]. Different wavelengths of lasers can distinguish adjacent
LED detection arrays combined with narrow band filters [16]. In order to output the trigger
signals in the effective detection area, this system must have sufficient sensitivity, which
mainly depends on the laser power, the size of the flying object, and the height of the
trajectory. Therefore, we can adjust the laser power and the amplification factor of the
signal amplification circuit to ensure the detection performance of the flying object in the
effective detection area.
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Similarly, when the small flying object passes through the six LED detection arrays,
six trigger signals are correspondingly generated. There is a certain spatial geometry
relationship of the six LED detection arrays. The arrival time series can be obtained by
a time estimation algorithm [17,18], and it contains several time parameters when the
measured target arrives at the detection areas in turn. Finally, the flight velocity and impact
coordinates of the small flying object can be calculated using the measurement model with
the structure parameter and arrival time series, and it will be described in the following text.

Make a series of assumptions as follows. LS1, LS2, LS3, LS4, LS5, and LS6 are six
LED detection arrays, respectively, as shown in Figure 3. Note that LS1–LS2, LS3–LS4, and
LS5–LS6 are three pairs of parallel LED detection arrays. In the measurement, the left-hand
Cartesian coordinate system is established, and O is the origin of the coordinate system.
The positive direction of the Y-axis is vertical upward, and the X-axis and Z-axis are in
the horizontal plane. In this coordinate system, there is an invisible target plate which is
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parallel to the XOY plane. In addition, the laser output points of the six detection units
are located on the Z-axis. LS1 and LS2 are placed vertically on the ground (LS1 in the XOY
plane), and d12 is the distance between them. The angle between LS3 and LS1 is α, and
that between LS5 and LS1 is β. In the Z-axis direction, the distance between LS3 and LS4 is
d34. Similarly, the distance between LS5 and LS6 in the Z-axis direction is d56. According to
the related general knowledge of the geometric principle, the distances between LS3 and
LS4 should be calculated to be d34·cosα, and that between LS5 and LS6 should be d56·cosα.
Based on some test conditions, the detection area (about 1.1 m2) of the laser screen is an
isosceles triangle with a height of 2 m and an effective viewing angle of 30◦. In addition,
d12, d34, and d56 are set to 3 m, 2.4 m, and 2.4 m, respectively. The distances from the output
point of laser 3 and laser 5 to O are d13 and d15, which are 0.2 m and 0.4 m, respectively.
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After assembling the measurement system, its structure parameters can be known.
Accordingly, the plane equations of the six LED detection arrays can also be obtained. The
unit normal vectors of LS1, LS3, and LS5 (LS2, LS4, and LS6) are as follows, respectively,

n12 =
(
na1 , nb1 , nc1

)T (1)

n34 =
(
na2 , nb2 , nc2

)T (2)

and
n56 =

(
na3 , nb3 , nc3

)T (3)

Additionally, the velocity vector of the measured object can be expressed as

v =

vx
vy
vz

 =

 |v| sin θ

|v| cos θ sin γ

|v| cos θ cos γ

 = vxi + vyj + vzk (4)

where vx, vy, and vz are the value of each component of the velocity vector, respectively; θ
and γ are the pitch and azimuth of the measured flying object, respectively; in addition, i, j,
and k are the unit vectors in the positive direction of the X-, Y-, and Z-axes, respectively.

The arrival time series T, which is [t1 t2 t3 t4 t5 t6], contains the six time parameters
when the measured object arrives at LS1, LS2, LS3, LS4, LS5, and LS6, respectively.

Therefore, we can obtain the following equations as follows.

〈v, n12〉 =
d(S)12

t2 − t1
=

d(S)12
t12

(5)
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〈v, n34〉 =
d(S)34

t4 − t3
=

d(S)34
t34

(6)

and

〈v, n56〉 =
d(S)56

t6 − t5
=

d(S)56
t56

(7)

where d12
(S) is the distance between LS1 and LS2, d34

(S) is the distance between LS3 and LS4,
and d56

(S) is the distance between LS5 and LS6.
Substituting (1) to (3) into (5) to (7) and transforming the result into a matrix form, we

can obtain the velocity vector, which is as follows.

v =

 vx
vy
vz

 = {n12, n34, n56}G−1[ 〈v, n12〉 〈v, n34〉 〈v, n56〉
]T

=

 na1 na2 na3

nb1 nb2 nb3
nc1 nc2 nc3

G−1[ 〈v, n12〉 〈v, n34〉 〈v, n56〉
]T (8)

with

G =

〈n12, n12〉 〈n12, n34〉 〈n12, n56〉
〈n34, n12〉 〈n34, n34〉 〈n34, n56〉
〈n56, n12〉 〈n56, n34〉 〈n56, n56〉

T

(9)

Furthermore, the relationship between the velocity vector and the target position
vector is as follows.

v =
dr
dt

= vxi + vyj + vzk (10)

In (10), r is written as

r = xi + yj + zk
=
∫

vxdt·i +
∫

vydt·j +
∫

vzdt·k
= (vxt + x0)i +

(
vyt + y0

)
j + (vzt + z0)k

(11)

where (x0, y0, z0) are the coordinates of the measured object at the initial time.
If P1 (x1, y1, z1), P3 (x3, y3, z3), and P5 (x5, y5, z5) are the intersection points of the tra-

jectory and LS1, LS3, and LS5, respectively, then the position vectors of the three points are
r1 = (vxt1 + x0)i +

(
vyt1 + y0

)
j + (vzt1 + z0)k

r3 = (vxt3 + x0)i +
(
vyt3 + y0

)
j + (vzt3 + z0)k

r5 = (vxt5 + x0)i +
(
vyt5 + y0

)
j + (vzt5 + z0)k

(12)

By eliminating (x0, y0, z0), we can obtain the following equations, which are

(x3, y3, z3) =
(
x1 + vxt13, y1 + vyt13, z1 + vzt13

)
(13)

and
(x5, y5, z5) =

(
x1 + vxt15, y1 + vyt15, z1 + vzt15

)
(14)

In (13) and (14), t13 is the deviation between t1 and t3, and t15 is the deviation between
t1 and t5.

Let the plane equations of the LED detection array LS1, LS2, ... , LS6 be

Aςx + Bςy + Cςz + Dς = 0, ς = 1, 2, . . . , 6 (15)
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The coefficients of the plane equation can be obtained if the structural parameters of
the system are known. By substituting P1 (x1, y1, z1) into the equation of LS1, the following
equation can be obtained as follows.

A1x1 + B1y1 + C1z1 + D1 = 0 (16)

Substitute P3 (x3, y3, z3) and P5 (x5, y5, z5) represented by P1 into the plane equation of
LS3 and LS5, as shown below.

A3(x1 + vxt13) + B3
(
y1 + vyt13

)
+ C3(z1 + vzt13) + D3 = 0 (17)

and
A5(x1 + vxt15) + B5

(
y1 + vyt15

)
+ C5(z1 + vzt15) + D5 = 0 (18)

Equation (19) can be obtained by combining (16) to (18), and it is
A1x1 + B1y1 + C1z1 + D1 = 0

A3(x1 + vxt13) + B3
(
y1 + vyt13

)
+ C3(z1 + vzt13) + D3 = 0

A5(x1 + vxt15) + B5
(
y1 + vyt15

)
+ C5(z1 + vzt15) + D5 = 0

(19)

In addition, Equation (19) is written in the matrix form as follows.A1 B1 C1
A2 B2 C2
A3 B3 C3

x1
y1
z1

 =

 −D1
−A3vxt13 − B3vyt13 − C3vzt13 − D3
−A5vxt15 − B5vyt15 − C5vzt15 − D5

 (20)

By solving (x1, y1, z1), the position vector can be obtained, and thus the target position
coordinates at any given time can be solved as follows.x1

y1
z1

 =

A1 B1 C1
A2 B2 C2
A3 B3 C3

−1 −D1
−A3vxt13 − B3vyt13 − C3vzt13 − D3
−A5vxt15 − B5vyt15 − C5vzt15 − D5

 (21)

The distance between the target plate and the XOY plane is set to DT. Furthermore,
the time parameter when the small flying object hits the target plane is set to tT. Thus, the
impact coordinates (xt, yt, zt) of the measured object on the target plate can be expressed asxT

yT
zT

 =

x1
y1
z1

+

vx
vy
vz

t1T (22)

with
t1T = tT − t1 (23)

3. Results
3.1. System Error
3.1.1. System Error of the Velocity Measurement

To analyze the system error, we use projectiles instead of small high-velocity flying
objects for numerical simulations, since projectiles can reach centimeter-scale caliber. We
mainly use two kinds of projectiles with a reference velocity of 900 m/s and 700 m/s for
5.8 mm and 7.62 mm standard rifles, respectively. In addition, the firing pitch range is
from 0◦ to −30◦, and the horizontal swing angle and vertical one do not exceed ±10◦ when
firing continuously at the highest firing rate in the air.
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Taking the unit normal vectors of LS1, LS3, and LS5 as (0, 0, 1), (0, −sin α, cos α), and
(−sin β, 0, cos β), respectively, (8) can be written as

v = [vx vy vz]
T
=
[

1
tan β

(
d12
t12
− d56

t56

)
1

tan α

(
d12
t12
− d34

t34

)
d12
t12

]T
(24)

Compared with the velocity vector, its modulus is more important in practical testing.
Combined with the composition of the velocity vector, the modulus of the velocity vector
can be obtained as follows.

|v| =
√

v2
x + v2

y + v2
z

=

√[
1

tan β

(
d12
t12
− d56

t56

)]2
+
[

1
tan α

(
d12
t12
− d34

t34

)]2
+
(

d12
t12

)2 (25)

Therefore, the modulus is a function of the variables, including d12, d34, d56, t12, t34, t56,
α, and β. According to the total differential equation, the measurement error in the term of
the modulus can be given by

(∆|v|)2 =
(

∂|v|
∂d12

)2
(∆d12)

2 +
(

∂|v|
∂d34

)2
(∆d34)

2 +
(

∂|v|
∂d56

)2
(∆d56)

2

+
(

∂v
∂t12

)2
(∆t12)

2 +
(

∂|v|
∂t34

)2
(∆t34)

2 +
(

∂|v|
∂t56

)2
(∆t56)

2

+
(

∂|v|
∂α

)2
(∆α)2 +

(
∂|v|
∂β

)2
(∆β)2

(26)

Through analyzing (24), we can obtain the following equations as below.

t12 = d12/vz (27)

t56 = d56/(vz − vxtan β) (28a)

t34 = d34/(vz − vytan α) (28b)

For better analysis of the system error in the velocity measurement, we take (4), (27),
(28a) and (28b) into (26). Assume that some parameters, including d12, d34, d56, α, β, and
their errors (i.e., ∆d12, ∆d34, ∆ d56, ∆α, and ∆β), are known and constant; moreover, some
measurement errors (i.e., ∆t12, ∆t34, and ∆t56) of interval time (i.e., t12, t34, and t56) are
also known and constant. The above measurement errors are listed in Table 1. In the
analysis, we use projectiles with a reference velocity of 900 m/s. This can further simplify
the analysis of the system error in the velocity measurement.

Table 1. System parameter errors in the analysis of the measurement error of velocity.

Error Value

∆d12 0.5 mm
∆d34 0.5 mm
∆d56 0.5 mm
∆α 0.01◦

∆β 0.01◦

∆t12 0.5 µs
∆t34 0.5 µs
∆t56 0.5 µs

Obviously, ∆|v|, which is the error of |v|, varies only with θ and γ. Typically, θ is
from −40◦ to 10◦, and γ is from −10◦ to 10◦. Based on the above assumed condition, we
use numerical simulation to analyze ∆|v|, and its changing trend is shown in Figure 4.



Photonics 2023, 10, 1313 8 of 15

Photonics 2023, 10, x FOR PEER REVIEW 8 of 16 
 

 

Δβ 0.01° 
Δt12 0.5 μs 
Δt34 0.5 μs 
Δt56 0.5 μs 

Obviously, Δ|v|, which is the error of |v|, varies only with θ and γ. Typically, θ is 
from −40° to 10°, and γ is from −10° to 10°. Based on the above assumed condition, we use 
numerical simulation to analyze Δ|v|, and its changing trend is shown in Figure 4. 

 
Figure 4. Changing trend of Δ|v| along with θ and γ if using the projectile with a reference velocity 
of 900 m/s. 

As can be seen in Figure 4, for the given range of θ and that of γ, Δ|v| does not exceed 
0.65 m/s. When θ is changed from −40° to 10° and γ is invariant, the former changing trend 
of Δ|v| is decreased and then the latter is increased. When γ is −10°, Δ|v| is minimal at θ 
of −7°; moreover, when γ is 10°, Δ|v| is minimal at θ of −13°. When γ changes from −10° 
to 10°, the changing trend of Δ|v| is related to θ. When θ is from −40° to −20° and γ is 
from −10° to 10°, Δ|v| decreases slowly. When θ is from −20° to 10° and γ is from −10° to 
10°, Δ|v| increases. 

Using the projectile with the reference velocity of 700 m/s, another numerical simu-
lation is also performed. Similarly, the changing trend of Δ|v| is shown in Figure 5. We 
can observe that Δ|v| is not more than 0.5 m/s, and the changing trend of Δ|v| with θ 
and γ is smoother than that of the first numerical simulation. In other words, Δ|v| be-
comes smaller in this case. 

 
Figure 5. Changing trend of Δ|v| along with θ and γ when using the projectile with a reference 
velocity of 700 m/s. 

Figure 4. Changing trend of ∆|v| along with θ and γ if using the projectile with a reference velocity
of 900 m/s.

As can be seen in Figure 4, for the given range of θ and that of γ, ∆|v| does not exceed
0.65 m/s. When θ is changed from −40◦ to 10◦ and γ is invariant, the former changing
trend of ∆|v| is decreased and then the latter is increased. When γ is −10◦, ∆|v| is
minimal at θ of −7◦; moreover, when γ is 10◦, ∆|v| is minimal at θ of −13◦. When γ
changes from −10◦ to 10◦, the changing trend of ∆|v| is related to θ. When θ is from −40◦

to −20◦ and γ is from −10◦ to 10◦, ∆|v| decreases slowly. When θ is from −20◦ to 10◦ and
γ is from −10◦ to 10◦, ∆|v| increases.

Using the projectile with the reference velocity of 700 m/s, another numerical simula-
tion is also performed. Similarly, the changing trend of ∆|v| is shown in Figure 5. We can
observe that ∆|v| is not more than 0.5 m/s, and the changing trend of ∆|v| with θ and
γ is smoother than that of the first numerical simulation. In other words, ∆|v| becomes
smaller in this case.
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3.1.2. System Error of the Impact Coordinate Measurement

According to (22), the impact coordinates of (xT, yT) in the given target plane arexT = x1 +
1

tan β

(
d12
t12
− d56

t56

)
·DT t12

d12

yT = y1 +
1

tan α

(
d12
t12
− d34

t34

)
·DT t12

d12

(29)
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with x1 = 1
tan β

(
d12
t12
− d56

t56

)
·DT t12

d12

y1 = 1
tan α

(
d12
t12
− d34

t34

)
·DT t12

d12

(30)

where x1 and y1 are the impact coordinates in LS1.
Obviously, xT is a function of d12, d56, t12, t56, t15, β, and DT, and yT is a function of d12,

d34, t12, t34, t13, α, and DT. Considering the above factors, we can obtain the following two
equations related to the error of xT and that of yT.

(∆xT)
2 =

(
∂xT
∂d12

)2
(∆d12)

2 +
(

∂xT
∂d56

)2
(∆d56)

2 +
(

∂xT
∂β

)2
(∆β)2

+
(

∂xT
∂t12

)2
(∆t12)

2 +
(

∂xT
∂t56

)2
(∆t56)

2 +
(

∂xT
∂t15

)2
(∆t15)

2

+
(

∂xT
∂DT

)2
(∆DT)

2

(31)

and
(∆yT)

2 =
(

∂yT
∂d12

)2
(∆d12)

2 +
(

∂yT
∂d34

)2
(∆d34)

2 +
(

∂yT
∂α

)2
(∆α)2

+
(

∂yT
∂t12

)2
(∆t12)

2 +
(

∂yT
∂t34

)2
(∆t34)

2 +
(

∂yT
∂t13

)2
(∆t13)

2

+
(

∂yT
∂DT

)2
(∆DT)

2

(32)

To analyze the change trend of the errors with pitch and azimuth, the following
equations can be obtained by inversely solving t13 and t15, which are, respectively,

t13 =
t34

d34

(
yT tan α + 0.2− DT + DT

d34t12

t34d12

)
(33)

and

t15 =
t56

d56

(
xT tan β + 0.4− DT + DT

d56t12

t56d12

)
(34)

where t12, t34, and t56 have been solved in the previous section.
The given target plane is set to 1m behind LS2, that is, DT = 4 m, and the system

parameter error settings of each parameter are shown in Table 2.

Table 2. System parameter errors in the analysis of the measurement error of the impact coordinate.

Error Value

∆d12 0.5 mm
∆d34 0.5 mm
∆d56 0.5 mm
∆α 0.01◦

∆β 0.01◦

∆t12 0.5 µs
∆t34 0.5 µs
∆t56 0.5 µs
∆t13 0.5 µs
∆t15 0.5 µs
DT 0.5 mm

It is assumed that |v|, xT, and yT are 900 m/s, 0 m, and 1 m, respectively; moreover,
θ is from −40◦ to 10◦ and γ is from −40◦ to 10◦. Through numerical simulation, the change
trends of ∆xT and ∆yT with θ and γ are as shown in Figures 6 and 7.
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As can be seen from Figures 6 and 7, the maximum error of the impact coordinate xT
is not more than 1.4 mm when θ and γ are in the range of −40◦ to 10◦ and −10◦ to 10◦,
respectively. When θ is from −40◦ to 10◦ and γ is invariant, ∆xT first increases and then
decreases and has a maximum at about 0◦ of θ. In addition, when θ is invariant and γ is
from −10◦ to 10◦, ∆xT gradually decreases. As shown in Figure 7, the maximum error of yT
is less than 1.5 mm, and when θ is from −40◦ to 10◦ and γ is fixed, ∆yT decreases gradually.
In addition, when θ is constant and γ is from −10◦ to 10◦, ∆yT first increases and then
decreases, and the overall change in the error value is very small.

When |v| is set to 700 m/s, the change trend of ∆xT and ∆yT with θ and γ can be
obtained, as shown in Figures 8 and 9.

It can be seen from Figures 8 and 9 that θ and γ are respectively in the range of −40◦

to 10◦ and −10◦ to 10◦ when |v| is set to 700 m/s. In addition, the maximum xT error
does not exceed 1.2 mm and the maximum yT error does not exceed 1.3 mm. Moreover, the
variation trends of ∆xT and ∆yT with θ and γ are the same as those in Figures 6 and 7, but
the errors are smaller.

Above are the simulation results for the center position of the target plane. Through
simulating other locations (randomly generated with a Gaussian distribution around the
target center) within the range of projectile dispersion in the target plane, it is found that
the error distribution is consistent with the simulation results of the center position. In
addition, when |v| is set to 900 m/s, ∆xT and ∆yT are not greater than 1.5 mm and 1.7 mm,
respectively. When |v| is set to 700 m/s, ∆xT and ∆yT are not greater than 1.3 mm and
1.5 mm, respectively.
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3.2. Experiment

To compare the effect of the flight parameters (i.e., |v|, θ, and γ) on systematic error,
we carried out a series of experiments on the shooting range. We developed an experimental
setup, as shown in Figure 10. The given target position and coordinate system are the same
as the above simulation. We use standard projectiles for our experiments, and their weight,
powder charge, and shape are strictly controlled. In addition, a high-speed camera system
was arranged to capture a large number of projectile images and then calculate their flight
parameters. The high-speed camera system has been strictly calibrated in advance with
high accuracy, so its measurement results can be considered as reference data. To verify the
feasibility and validity of the method, the measurement data of the proposed system are
compared with the reference data.
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In the experiment, 50 standard projectiles are fired with a reference velocity of 900 m/s
at different pitches (i.e., −30◦, −15◦, and 0◦, respectively); however, the azimuth angle is
constant and set to 0◦. In the proposed system, the absolute velocity of |v| and impact
coordinates (xT, yT) can be measured, and they are compared with the measurement data
from the high-velocity camera system which is considered as reference data. Some results
are shown in Tables 3–5.

Table 3. Comparison of two sets of measurement data using the 50 projectiles with 900 m/s at the
pitch angle of −30◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

894.86 (2.4, 998.8) 894.92 (4.5, 995.1)
899.78 (−28.5, 981.5) 899.12 (−26.2, 980.7)

. . . . . . . . . . . .
883.77 (9.2, 1008.3) 883.82 (8.9, 1006.3)

Standard deviation of |v| 0.66 m/s
Standard deviation of x 1.7 mm
Standard deviation of y 1.9 mm

Table 4. Comparison of two sets of measurement data using the 50 projectiles with 900 m/s at the
pitch angle of −15◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

906.17 (40.3, 987.9) 906.12 (40.8, 987.9)
902.26 (−29.7, 1015.8) 902.83 (−26.8, 1014.8)

. . . . . . . . . . . .
904.89 (41.9, 1001.7) 904.72 (41.5, 1004.4)

Standard deviation of |v| 0.64 m/s
Standard deviation of x 1.7 mm
Standard deviation of y 1.5 mm

Table 5. Comparison of two sets of measurement data using the 50 projectiles with 900 m/s at the
pitch angle of 0◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

896.93 (−45.4, 949.5) 897.21 (−46.5, 950.2)
897.14 (30.8, 1012.4) 897.96 (29.4, 1012.7)

. . . . . . . . . . . .
908.19 (13.6, 1034.2) 907.97 (15.7, 1035.1)

Standard deviation of |v| 0.56 m/s
Standard deviation of x 1.8 mm
Standard deviation of y 1.7 mm

Similarly, many projectiles with a reference velocity of 700 m/s were used in the
following experiment, and the experimental results are presented in Tables 6–8.
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Table 6. Comparison of two sets of measurement data using the 50 projectiles with 700 m/s at the
pitch angle of −30◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

689.62 (5.5, 1002.4) 701.98 (4.2, 1002.9)
699.69 (−30.9, 971.5) 705.49 (−30.9, 972.4)

. . . . . . . . . . . .
693.75 (1.2, 1002.6) 703.77 (−2.7, 1003.6)

Standard deviation of |v| 0.64 m/s
Standard deviation of x 1.9 mm
Standard deviation of y 6 mm

Table 7. Comparison of two sets of measurement data using the 50 projectiles with 700 m/s at the
pitch angle of −15◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

713.36 (−13.1, 955.5) 713.81 (−12.4, 958.6)
700.86 (−12.3, 998.7) 701.38 (−9.9, 998.9)

. . . . . . . . . . . .
688.59 (35.1, 973.2) 689.11 (34.5, 970.6)

Standard deviation of |v| 0.59 m/s
Standard deviation of x 1.6 mm
Standard deviation of y 1.6 mm

Table 8. Comparison of two sets of measurement data using the 50 projectiles with 700 m/s at the
pitch angle of 0◦.

Measurement Data of
Our Proposed System

Measurement Data of
the High-Velocity Camera System

|v|/m·s−1 xT, yT/(mm, mm) |v|/m·s−1 xT, yT/(mm, mm)

710.22 (−42.6, 992.4) 710.60 (−41.9, 948.7)
714.35 (−21.9, 994.3) 713.27 (−22.7, 996.2)

. . . . . . . . . . . .
714.97 (−17.8, 965.6) 715.25 (−17.6, 935.7)

Standard deviation of |v| 0.60 m/s
Standard deviation of x 1.5 mm
Standard deviation of y 1.6 mm

4. Discussion

In Section 3.1, we performed the simulation of the impact points within the dispersion
range in the target plate, and then it was observed that the errors of xT and yT are not
greater than 1.5 mm and 1.7 mm, respectively, when |v| is set to 900 m/s. In addition,
when |v| is set to 700 m/s, the error of xT and that of yT are not greater than 1.3 mm and
1.5 mm, respectively. According to the test requirements [19,20], the measurement method
is feasible if the relative measurement error of |v| is less than 2‰ and the measurement
errors of x and y are less than 3 mm, respectively [10]. The simulation results show that the
system can theoretically achieve the measurement of |v| and impact coordinates of the
small flying object at different pitches and meet the above test requirements.

As can be seen from Tables 3–5, in the three groups of shooting experiments at three
pitch angles (i.e., −30◦, −15◦, and 0◦), through using our proposed system and high-speed
camera system, their maximum deviation of |v| is 0.66 m/s, their maximum deviation
of xT is 1.8 mm, and their maximum deviation of yT is 1.9 mm. Additionally, Tables 6–8
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show that the maximum deviation of |v| is 0.64 m/s through the proposed system and
high-speed camera system, the maximum deviation of xT is 1.9 mm, and the maximum
deviation of yT is 1.6 mm in the three groups of firing experiments using projectiles with a
reference velocity of 700 m/s at different pitch angles (i.e., −30◦, −15◦, and 0◦).

Similarly, we can also use the experimental setup to perform another investigation. In
the experiment, 50 projectiles are fired with the reference velocity of 900 m/s (or 700 m/s)
at different azimuth angles (i.e., −20◦, 0◦, and 20◦), respectively; however, the pitch angle
is constant and set to 0◦. In the proposed system, the absolute velocity of |v| and the
impact coordinates (xT, yT) can be measured, and they are compared with the measurement
data from the high-speed camera system. To avoid an excessive length of our article,
measurement data related to the investigation are not listed in Section 3.2. Thus, we
give the related results directly as follows. The maximum value of |v| is not more than
0.42 m/s, and the maximum value of xT (or yT) is not more than 1.5 mm. Therefore, this
indicates that the proposed measurement method is feasible, and its measurement accuracy
is high enough.

5. Conclusions

In summary, the proposed measurement method using a multidimensional LED de-
tection array can effectively obtain the key flight parameters of the projectile. Firstly, we
introduced the main composition of the proposed system; in particular, the basic working
principle of the laser screen detector. Then, we established a calculation model whose
constant coefficients and independent variables are structural parameters (i.e., geometric
relationship between different LED detection arrays) and arrival time series, respectively.
Thus, its output value contains the velocity vector of the flight object and its impact coordi-
nates in the given target plate. In addition, according to the calculation model, the change
trends of measurement errors are analyzed by numerical simulation. Theoretically, the
measurement accuracy is verified to meet the corresponding requirements [19,20]. Finally,
the comparison experiments based on our proposed system and high-speed camera system
are carried out synchronously. By adopting two different projectiles with the reference
velocities of 900 m/s and 700 m/s, the experimental results show that the maximum de-
viation of the measured absolute velocity is always less than 1 m/s, and the maximum
deviations of the measured X- and Y-coordinates are not more than 2 mm within the effec-
tive measurement range. Therefore, the proposed method is feasible and correct, and it also
has the higher measurement performance.

In future research, we will focus on how to measure the flight parameters of multiple
different high-velocity objects simultaneously and how to obtain larger target areas to
achieve higher accuracy to meet the measurement requirements of different-caliber objects.
This will provide important support for target protection testing and can also be used for
space debris impact damage assessment testing on spacecraft.
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