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Abstract: In order to carry out various detections of system indicators during the research and
development phase of infrared guided missiles, the article first analyzes several main design schemes
of the infrared guided missile detection simulator and finds that it has the disadvantages of difficult
processing technology and low detection accuracy. The overall structure of the detection device
was designed, including the design of the rotation and swing mechanism, lens mechanism, optical
system and control system. The optical system error analysis is performed on the infrared guided
missile detection simulator. The position of the receiving light source is obtained by analyzing
the mechanism characteristics of the detection simulator and the kinematics model of the device.
The phase difference analysis of the eccentricity and tilt system is obtained. The image quality
was evaluated by the optical transfer function (MTF), and the system error was found to meet the
requirements of imaging quality. The experiments show that the simulation of 1.7~4.9 um medium
wave infrared dynamic target signals provides an accurate and reasonable experimental environment

for the missile and the verification of the light source target and meets the experimental requirements.

Keywords: structural design; accuracy test; optical system; eccentricity error

1. Introduction

In today’s era, infrared guided missile systems have been sought after by various
countries due to their high resolution, strong anti-interference, simple equipment, light
weight, low cost, and good concealment, and have developed rapidly [1,2]. The system’s
various indicators are tested during the research and development phase of infrared
missiles. The use of real targets in real environments for missile detection is not only
expensive, but also limited by actual conditions. Under different weather conditions and
environments, the target’s detection of infrared missiles will produce impact, and it is
impossible to test all cases separately. Therefore, the infrared semi-physical simulation
device has become an indispensable link in the development and detection of infrared
guided missiles, and has been highly valued by countries around the world [3].

The infrared guided missile detection simulator mainly has the following design
schemes: large screen projection, five-axis rotary table, optical mechanical and zoom
projection [4-7]. The large-screen projection-type infrared simulation system [8], an infrared
guided semi-physical simulation detection device built by the American Boeing Aerospace
Corporation in the 1970s, consists of four parts: an infrared target generation system, a
large reflective screen, a three-axis turntable, and a control computer. The disadvantage
of this solution is that it needs to process precise large ellipsoidal mirrors. The machining
accuracy and finish are the guarantee of simulation accuracy, which is difficult to achieve
in technology; it cannot provide characteristics such as infrared interference and multi-
targets; there is not much room for expansion. British Aerospace’s Stevenage division
began to develop infrared target detection simulators in the early 1970s to meet the needs
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of developing infrared weapons [9]. It uses a five-axis turntable to implement the entire
simulation system. The target generation system is fixed on two outer frame axes. The
movement of the two outer frame axes provides two azimuth movements of the target.
The distance simulation of the point target is realized by the change of the aperture of the
scene stop of the optical projector in the target generation system. The advantage of this
solution is that the structure is compact, the coordinates of the rotating shaft are unified,
and the accuracy is determined only by the inertia and angular acceleration of the outer
frame of the turntable, so the position accuracy is high; The disadvantage of this solution is
that the machining process of the five-axis turntable is more difficult and the cost is high;
because the composite target projection system is installed on the outer frame, the moment
of inertia is increased, which limits the dynamic performance of the equipment servo
system, and cannot achieve the complex target. Simulation is very limited and difficult
to expand; it is difficult to obtain high accuracy. The U.S. Army Advanced Simulation
Center (ASC)’s infrared simulation system is a pioneer in the use of opto-mechanical
solutions [10-13]. This solution was designed by General Electric in the early 1970s. This
solution has the following advantages: the complex projection technology is used to solve
the complex target background simulation problem of the terminal guidance segment. The
shortcomings of this solution are: there are many key technologies in the system, such as
light sources and micro-pit mirrors in optical systems; dense bead bearings, field stops, and
display arms in mechanical systems; automatic control systems and fast solving devices in
computer systems Wait. Hughes further modified and improved the simulation simulator
in the process of serializing the opto-mechanical solution [14-18]. The most significant
one is the use of a zoom projection system as the target projector. In this way, the direct
simulation between the target and the missile is used. The distance effect instead of the
opening angle of the simulated target to the missile increases the fidelity of the simulation.
Although the zoom range is limited, the simulation range is limited, and high requirements
are made in terms of technology and cost, it is still an ideal solution.

By comparing the advantages and disadvantages of the above design schemes, this
paper proposes a new type of infrared target simulator [19,20]. Through the cooperation of
the main body, lens, shaking table and computer, the target of waveband, different size
and different distance can be simulated, which can dynamically control the position and
radiation degree of the target in the field of view of the seeker, so as to ensure that the missile
can accurately identify and hit the target in the complex and severe combat. Secondly, the
simulator has the characteristics of long entry pupil distance, accurate target positioning,
rotating and swinging around the central axis, remote control and test circulation.

2. Device Design Based on Infrared Guided Missile Detection

The design of the infrared guided missile detection device is divided into five parts:
overall structure design, rotation and swing mechanism design, lens structure design,
optical system and control system design.

2.1. Overall Structural Design of the Detection Device

The function of the detection device depends on the overall structure. The fixing
method is that the column base plate is fixed to the flange base through corner codes, and
the flange base is fixed to the ground by anchor bolts, as shown in Figure 1.

2.2. Design of Rotating Device of Detection Device

In this design, the rotary swing mechanism needs to be able to adapt to a variety
of speeds and different positions, so the rotary swing mechanism is required to have a
position to adjust the distance, as shown in Figure 2.
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Figure 1. Schematic diagram of the overall structure of the infrared guided missile detection device
(1-Main control box 2-Blackbody Control Box 3-Support substrate 4-Inclined support 5-Vertical beam
6-Rotate the target mold vertically 7-Lens substrate 8-lens).

Figure 2. Schematic diagram of the rotary swing mechanism (1-Blackbody 2-Pedestal 3-Carbon fiber
tube 4-Axis of rotation 5-Rotating slip ring 6-Reducer fixing plate 7-reducer 8-Substrate 9-Slider
10-Motor 11-Limit block 12-Lamp holder 13-Tungsten filament bulb 14-Light bar).

The rotating and swinging mechanism is mainly composed of a blackbody, a blackbody
seat, a carbon fiber tube, a rotating shaft, a rotating slip ring, a reducer fixing plate, a reducer,
a base plate, a slider, a motor, a stop block, a lamp holder, a tungsten light bulb, and a light
bar. A self-locking slider and a guide rail are installed on the base plate, so that the rotary
swing mechanism can move left and right along the guide rail and fix the position, so that
the center of the simulator is aligned with the center of the vibration table. The DC servo
motor and the reducer are fixed on the lower side of the base plate, and the rotary shaft
is fixed on the lower side of the reducer. The carbon fiber tube is rotated by the flange,
and the inner ring of the rotary slip ring rotates together with the rotary shaft. Because the
blackbody and tungsten filament lamp need to be fixed during the test, in order to reduce
the weight of the simulator and reduce the moment of inertia, the linear movement of the
blackbody and tungsten filament lamp uses the linear sliding movement of the aluminum
block on the carbon fiber tube, and the aluminum pieces that have been ruled by the ruler
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are fixed on the limit blocks at both ends to facilitate the adjustment of the distance between
the blackbody and the tungsten filament lamp.

2.3. Design of Lens Mechanism of Detection Device

The lens acts as a part of the projection optical system, so that the light can refract
parallel light to transmit radiant energy to the seeker. The design of the lens part mainly
includes the design of the lens clamping mechanism, the design of the support method,
and the design of the fine adjustment mechanism. When designing the lens, this article
uses the same method to fix it on the substrate with the slider of the self-locking guide rail,
adjust the vertical movement of the lens by manual slider, use the fine-tuning self-locking
device to fix the position, and fine-tune the slide table. The level is used to observe the
level of the lens and adjust it. The lens mechanism is shown in Figure 3.

Figure 3. Schematic diagram of the lens support (1-Aluminum bracket 2-Substrate 3-Cross bar
4-Fine-tuning slide 5-Level 6-Lens clamping mechanism 7-lens).

2.4. Design of Optical System of Detection Device
2.4.1. Scheme Design of Rotating Radiation Source

The radiator in the optical system is an important part of the infrared target simulator.
The radiated energy simulates the target in the real environment for the seeker to receive.
Because the blackbody is only related to temperature, no reflection and refraction will occur.
Different temperatures can be adjusted to obtain different wavelengths, so the blackbody is
selected as the radiation source in this paper. Blackbody as a radiation source improves
test accuracy [21]. The blackbody temperature range studied in this paper is 373~673 K,
which belongs to the mid-far infrared band. Therefore, a medium-temperature blackbody
is selected. The blackbody radiation source must be matched with an infrared bandpass
filter to make the wavelength of light reach the technical requirements of 1.7~4.9 um.

Because the radiation source needs to make a rotational movement to simulate the
change of the target position, it needs to achieve rotational balance during the movement.
Mount the other end of the device with an incandescent lamp, which has three applications:

(1) It can balance the blackbody and reach a balanced state;

(2) It can be used as an interference source to test the ability of the seeker to hit the target
under the influence of low temperature interference;

(3) It can be used as a radiation source at low temperatures to test other types of missiles.

2.4.2. Scheme Design of Light Path

In order to improve the resolution in this design, a spatial optical system with a large
field of view and a long focal length was selected [22,23]. In order to meet the uniformity
of the optical axis, a single lens system with an easy-to-adjust structure was selected. In
the design of imaging optical system, it mainly refers to the design of the lens system.
The single lens system is mainly composed of four surfaces: object surface, image surface,
lens front surface, lens rear surface. According to technical requirements, the wavelength
should be A = 1.7 ~ 4.9 um, the distance between the blackbody and the central axis
should be y = 190mm, entrance pupil diameter should be I; = 2500mm and exit pupil
diameter should be I = 200mm. Through F = f/D, the value of F is 19.23, and according
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to tanw = y/Ij,the field angle is 2w = 8.692°. The meaning of the index number is set
in ZEMAX. After multiple optimizations, the optical system structure diagram and the
optical fan diagrams with relative heights of 0, 0.707, and 0.1 are obtained, as shown in
Figures 4 and 5.

e
/

Figure 4. Optical path structure.

(a) h1/hm = 0.

(b) h1/hm = 0.707.

(¢) h1/hm =0.1.

Figure 5. Light fan diagram.
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The above initial system is obtained. Although the shape of the lens cannot be seen
in Figure 4, the current focusing system can be seen. The blue to pink curves in Figure 5
represent the curves with wavelengths of 1.7, 2.5, 3.3, 4.1, and 4.9 um in order. All of them
pass the origin point to indicate that the system is not out of focus and the image quality
is good.

2.5. Design of Control System for Detection Device

In this paper, the infrared rotating target simulator needs to select a suitable control
system to control the rotation, swing, rotation speed, direction and temperature of the
mechanism. Finally, the motion of the rotary swing mechanism is controlled by the PLC
system. Compared with a control system of the same size, the electrical wiring switch
node can be greatly reduced, and the failure is reduced accordingly. The advantages of this
control method are strong anti-interference ability and strong driving ability [24,25].

The temperature of the blackbody and the brightness of the tungsten filament lamp
are controlled by the blackbody temperature control box. The work of the temperature
control box and the PLC control system are independent of each other. The reason for this
deployment is to prevent one system from affecting the other system when it fails. During
installation, the temperature control box, text display and PLC components are installed in
the designed main control box for easy control. The rotation speed and the temperature
of the blackbody can be displayed on the console panel digitally. The required angular
velocity accuracy can reach the required accuracy of 1 °/s. The control system network
architecture is shown in Figure 6.

:{> - Co:ltr-
ﬁ. =

Control drive The motor
system | > Tempe-
l[: rature
blackbody
The master — :
carton " w
filament lamp

Figure 6. Network architecture of the control system.

2.6. Working Principle of Target Simulator

The rotating target simulator system is mainly composed of a mechanical system, a
control system and an optical system. The following is a detailed introduction of how the
simulator works. Firstly, the seeker of the missile is fixed on the shaking table through
the gyro rotator, and the level on the lens clamping mechanism is used to adjust the lens
parallel to the ground, so that the distance between the lens and the seeker is 0.2 m. Then,
move the blackbody center, lens center and seeker center to the optical axis to test the
blackbody radiation and seeker performance. After the test is completed, the center of the
bracket rotation, the center of the lens and the center of the seeker are moved to the center
axis of the entire optical system to accurately test the overall performance of the structure
without center deviation or significant jitter. Secondly, the target’s circular variable light
bar is placed on the preset focal surface of the projection optical system, and the target is
manually adjusted to the specified position. At the same time, adjust the tungsten filament
lamp to the corresponding position in the opposite direction, carry out counterweight, and
tighten the screws on the aluminum base for fixing. By adjusting the light bars, the circular
target with changing size and position is projected to infinity to simulate the target in real
environment for the seeker to receive. Operate a temperature controller to control the
temperature of the source (the blackbody) so that the blackbody emits infrared radiation of
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a certain energy. Through the PLC control system to adjust the radiation source around the
central axis of the angular velocity of continuous rotation or to achieve the angle of 45°,
90°, 180° swing function. Finally, the vibration table is adjusted to different frequencies to
simulate the vibration influence of the missile in the real environment. Under the influence
of different vibration frequencies, whether the seeker can receive the target is tested, and
the performance index of the seeker is displayed through the computer.

Because the target will be far away from the missile for a long time, the missile
can treat the target as a pixel size point target during guidance. Adjust the target to the
corresponding position, change the blackbody temperature or change the field of view light
bar to simulate the target near and far change. When the target changes from the surface
array distribution to an image element size, the blackbody temperature or the optical bar
hole are turned down to reduce the radiation emittance and simulate the process of the
target becoming far away. The schematic diagram of its optical system is shown in Figure 7.

Projection Ext pupil
Target optical system  plane

Blackbody -

Homing head

Figure 7. Diagram of working optical system.

3. Eccentricity and Error Analysis of Infrared Guided Missile Detection Device
3.1. Analysis of Eccentricity of Detection Device Cantilever

When the cantilever beam is moving, the angular deviation will cause the aberration
changes between the ideal direction and actual direction. This section will analyze the
factors affecting the aberrations. The cantilever beam is the main component that needs
to support the rotating swing mechanism. Bending and resonance are the basic working
conditions of the cantilever beam. In these two states, it is necessary to effectively ensure
the strength and stiffness of the movement mechanism. If the strength is not satisfied, it will
easily cause fracture, and the stiffness will be greatly deformed. The rotating and swinging
mechanism is installed as a slewing part on the front end of the cantilever beam, and will
be subject to periodic forces. Resonance will not resonate with the rotating mechanism.
Therefore, in this section, the static analysis of the rotating and oscillating mechanism is
simplified, and the changes of stress and displacement in the bending state are analyzed.

The bending state means that the cantilever beam is subjected to external load, and its
shape and surface stress also change with the action of force. The left side of the supporting
cantilever beam is fixed and simplified into a left articulated rod structure. The longitudinal
concentrated load (F = 100 N) acts on the right end. The length of the beam is 1700 mm
and the cross-sectional area of each beam is S = 1600 mm?.

Next, we perform a finite element analysis on the cantilever beam, analyze the effects
of its two variables, displacement and stress, on the device, and analyze the deflection and
rotation angle. Because the structure of the entire rotating target simulator device is too
large and complicated, problems will occur when the finite element mesh is divided. To
this end, this paper simplifies the external forces on the cantilever beam. The established
3D model is imported into Ansys Workbench by software, and the material is defined, and
constraints and loads are added.

In this section, a concentrated load is applied to the right end of the beam, and the
calculated stress and deformation cloud diagram results are shown in Figures 8 and 9.
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It can be concluded that the cantilever beam undergoes slow deformation after loading,
and the position of bending deformation changes with time. Initially, the concentrated
position of the load undergoes a downward bending change. Later, the deformation is
transmitted from the right end to the left end. The maximum deformation occurs at the
inclined support of the cantilever beam and the bracket, and the deformation is about
4 mm.

A: Static Structural |
Equivalent Stress l
Type: Equivalent (ven-Mises) Stress

Unit: Pa
Time: 1
171713 21404
342827 Max
1.5195¢7
1.3295¢7 -
1.1396e7
949676
7597366
5698eb et}
3798766
1.89%4e8
51.202 Min
s
a
A A

Figure 8. Stress cloud diagram of cantilever beam.

A: Static Structural
Totel Deformation
Type: Total Deformation
Unit: m

Tirmez 1

2007713 21:02

00041823 Max
DA037IS
00032478 =
00027306
00023133
00018451
0.0013788 | o |
00003116
000044437
0 Min
p—
o |
y W .

Figure 9. Displacement and deformation of cantilever beam in y direction.
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Closely related to beam bending is beam stress. It can be seen from the Figures 10 and 11
that the maximum stress of the beam is 34.28 MPa, which is far less than the tensile limit
value of the material used. At the same time, the simulation results show the necessity of
the diagonal arm support. The deflection curve equation and angle of rotation equation of
the beam will be derived to determine its maximum deflection as a wmax and angle as Omax.

a F
A A B,
7
g X
7
A
by
7 X
7S S 4
A

<<

Figure 10. Mechanical model diagram of a cantilever beam before loading.

A Pl B x
; wmaX
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e
; \max
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y

Figure 11. Maximum rotation angle and deflection of a cantilever beam after loading.

The angle of rotation equation obtained by ignoring the shear stress:
ELaw = / M(x)dx + Cy )
Bending deflection equation:
ELw = — / /M(x)dxdy YO 4G @)

Substituting the boundary conditions x = 0, w = 0 and x = 0, w’ = 0 into the corner
equation and torsion curve are obtained:
{ Elw' = —Flx + 2
_ Flx? Fx8
Elw=—55-+ %
Both the maximum corner value and the deflection value occur at the free-end cross
section, so that:

®)

FI2 | FI2 _ _FI2
Omax = 0\x=1 = —Fr + 357 = — 287 4
_ _ _FB
Wmax = W|x=] = —37

It is obtained that Omax = —0.003697ad, Wmax = 4.1823mm. The rotation angle is 0.211°.

3.2. Modeling and Solving of Translation Distance and Tilt Angle

During the adjustment, the consistency deviation between the actual central axis’s
direction, displacement, and ideal state will not only destroy the axis consistency of the
optical imaging system, but also affect the benchmark of rotational symmetry. Eccentricity
will cause the translation of the optical axis, and tilting will cause the optical axis to rotate.
The following will analyze the end position of the lens receiving light, and analyze its
translation distance and tilt angle through coordinate transformation.
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3.2.1. Calculation of Translational Distance and Tilt Angle

In the previous section, we analyzed the cantilever beam and found the values of its
rotation angle Omax and the maximum deflection wmax. In order to obtain the translational
distance and tilt angle, we need to calculate the angle and displacement of each important
force-bearing part of the mechanism. A schematic diagram of the position of the end of the
beam of the boom is shown in Figure 12.

A4 B

6,
&, D

Figure 12. Schematic diagram of the end position of the beam.

The magnitude of 6, and the value of AC are obtained from the illustrated geometric
relationship.

From the geometric relationship, we can get the following relationship. Substituting
the known values of the angles 6,'= 0.2114° and CD wmax = 4.1823mm into Equation (5):

_ CD
BD = 415,

_ _CD
BC = tan 6,/ (5)
tan 6, = %

Then, BD = 1133.42 mm, BC = 1133.41 mm, the total length of the known beam
is 1700 mm, and AB = 566.58 mm, AC = 1699.99 mm, and 6, = 0.141° are obtained to
determine the position coordinate system at this time.

Through the analysis of statics, we calculated the force where the beam is in contact
with the supporting beam, the deformation is GH = 0.44 mm, and the height of the
supporting beam is 4500 mm. The schematic diagram of the position where the end of
the beam contacts the supporting beam is shown in Figure 13. According to the deflection
formula, the value of 6;’ is 0.008406°, and the values of EG and 6; can be calculated in the
same way. Because the angle of rotation is too small, the calculated values of GF and HF
are nearly equal, so let GF = HF ~ 3000mm, 6;= 0.00406°.

G H

E

Figure 13. Simplified diagram of the position where the end of the beam contacts the supporting beam.

When the rotating shaft is fixed, the bearing will have a certain clearance, which will
cause the axis offset error of the rotating shaft. In order to reduce the clearance, a needle
roller bearing with small volume and bearing only radial force is selected in this paper.
Given that the length of the output rotary shaft is 85 mm and the clearance of the needle



Machines 2021, 9, 198

11 of 26

bearing with an internal bore of 20 mm is 0.06 mm, the actual axis offset angle is calculated
to be 0.02°. Refer to the design manual to know the allowable axis offset of the needle
bearing The quantity is 2/, which meets the conditions of use of needle bearings, and can

determine the position of the rotary shaft when there is an error.

3.2.2. Kinematics Modeling of Translation and Tilt
The infrared guided missile detection device is fixed to the ground by ground feet

The simplified schematic diagram of the simulator mechanism is shown in Figure 14.

e
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Figure 14. Schematic diagram of the rotating target simulator.

In actual installation and adjustment, the infrared guided missile detection device
is affected by many factors. The main influencing factors are the axis system error of the
supporting beam, the axis system error of the cross-arm beam, the axis system error of the
rotating shaft, and the installation height error. According to the theory of the multibody
system, the coordinate transformation matrix can describe the motion relationship between
the mechanisms. Therefore, it is scientific and reasonable to use mechanism kinematics to
study the error when the mechanism is biased. In this way, in an ideal state, the coordinate
transformation matrix between adjacent bodies of the infrared guided missile detection

device can be decomposed into two coordinate transformation matrices, and then solved

in a kinematic manner.
Kinematic parameters are shown in Table 1. The Denavit-Hartemberg (D-H) method

is used to establish the coordinate system of the rotating target simulator. As shown in
Figure 15 below, the coordinate transformation in the figure includes translation coordinate
transformation and rotation coordinate transformation of the simulator mechanism.

Table 1. Kinematic coordinate system parameters of infrared guided missile detection device. (6;:
Take axis Z; as axis, the rotation angle from X;_; to X;, and according to the right hand rule, the
positive direction of Z; is positive; a;: Take axis X;_; as axis, the rotation angle from Z;_ to Z;, and
according to the right hand rule, the positive direction of X;_1 is positive; a;,_1: the distance from
Z;_1 to Z; along the direction of axis X;_1, where the positive direction of axis X;_; is positive; d;:
the distance from X;_; to X; along the direction of axis Z;, where the positive direction of axis Z;

is positive.).

Joint i 0;/rad w;_1/rad a;_1/mm d;/mm
1 61(7t/2) 0 0 0
2 92(—7[/2) 0 ﬂl(ll) 0
3 65(0) 0 a(1») 0
4 0 0(3(7'[/2) 0 d4(l3+l4)
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Figure 15. Kinematic coordinate system of the DOF of the rotating target simulator.

The coordinate system xgyozo is the base coordinate system of the simulator itself,
X1Y121, X2Y222, and x3y3z3 are the coordinate systems of the support beam, the transverse
beam, and the rotation axis, and 1, », and 3 are their corresponding origins. Because
the machine is prone to errors during installation, the distance between the center of
the rotation axis where the blackbody is located and the lens is regarded as a height
error. From the perspective of kinematics, this error is described by translation coordinate
transformation, and x4y4z4 with 4 as the origin is the coordinate system of the installation
height error.

The D-H change matrices of the adjacent coordinate systems i and i — 1 can be obtained
by the following formula.

cos(6;) —sin(6;) 0 a;i_q
i-1p _ | sin(0)-cos(a; 1) cos(6;)-cos(wiq) —sin(aj1) —d;-sin(a; 1) ©)
i | sin(6;) -sin(a;_1) cos(8;)-sin(a;_q) cos(aj_q)  d;-cos(ai_q)
0 0 0 1

Then the positive kinematics of the transformation matrix of the simulator mechanism
can be obtained by Equation (7).

o7 =1'T, T, @)

According to the coordinate system and kinematic parameters of the simulator mech-
anism, the homogeneous transformation matrix between two adjacent coordinate systems
can be obtained, respectively, so that the kinematic model can be established.

The homogeneous transformation matrix of the simulator mechanism’s own base
coordinate system xp1pzo and the support beam coordinate system x;y1z; is shown in the
following Formula (8).
cos(6y +m/2) —sin(6;+m7/2) 0 0
sin(6; + /2) cos(6y+m/2) 0 0O

0 0 10
0 0 01

The homogeneous transformation matrix of the coordinate system of the supporting
beam to the coordinate system of the beam is shown in the following Formula (9).

cos(bp —/2) —sin(6p—7m/2) 0 a

sin(6, — t/2)  cos(6, —7/2) O

0 0 1

0 0 0

T = ®)

[ary

'T, = €)

_ O O
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The homogeneous transformation matrix of the rotation axis coordinate system to the
installation height error coordinate system is shown in the following Formula (10).
1 0 0 0
0 cos(ag) —sin(ay) —(dg+13+1y) - sin(ay)

0 sin(ag) cos(as)  (da+13+1s)-cos(ay)
0 0 0 1

In summary, from Equation (8), we can know the positive kinematics solution of the
coordinate system of the light incident point of the lens relative to the standard system of
its base:

5T, = (10)

Ny Ox Adx Px

0 0 1 2 3 ny Oy a4y Py
T, ="T,"T,°T;°T, = 11
4 1 1757y n. 0. a. pe (11)
0O 0 0 1

In the formula:
px = ap - (cos(1r/2+461) -cos(0r — 71 /2) — sin(7r/24-61) -sin(8y — 71 /2))+ay - cos(7r/2+461) + sin(ayg)-
(cos(83)-(cos(7/2461) -sin(62 — 7w /2) + cos(6y — 71 /2) - sin(7w/2+67)) + sin(63) -(cos( 71/2+461)-
cos(fy — 71 /2) —sin(7t/2+61) - sin(0y — 71 /2))) - (dg + 13+ 14)
py = a - (cos(71/2464) -sin(f, — 7 /2) + cos(0, —pi/2) - sin(71/2+61))+ay - sin(7/2+6;) — sin(ay)-
(cos(63)-(cos(7/2+61)-cos(0 — 7t /2) — sin(7r/2+61) -sin(fy — 71 /2)) — sin(B3) -(cos( 7w/2+61)-
sin(6y — 71 /2) + cos(0y — 7 /2) - sin(7t/2+401))) - (da + I3 + 1a)
pz = cos(ag) - (dg + 13+ 1g)

In the process of deriving the positive solution of the coordinate transformation matrix,
the error declination of each part has been included in the rotation angle 6;, so the current
initial position of the coordinate system in Figure 15 is the initial zero of the transformation
matrix. By taking the error angle 6; of each point as 0, the transformation matrix of the
infrared guided missile detection device in this case can be obtained, corresponding to the
transformation matrix of the tool coordinate system relative to the base coordinate system
in Figure 15:

1 0 0 1700
0 0 —1 1682

=101 o 0 (12)
00 0 1

Based on the coordinate system of Figure 15 and the derivation process of the positive
solution, the actual error value obtained in the previous paragraph is brought into the
formula, and the transformation matrix under the influence of the error can be obtained:

1 0 0 1692.08
0 0 -1 1676.84
01 0O 0
00 O 1

From the matrix we can know that the coordinates of the incident light point are
(1692.08, 1768.84, 0), and the offset from the ideal coordinates is (7.92, 5.16, 0). The distance
calculated by the matrix coordinates is 9.45 mm.

= (13)

3.3. Aberration Analysis and Calculation of Eccentric and Tilt Systems

The traditional optical system with spatial transmission structure cannot accurately
estimate and analyze the imaging quality in the process of installation and adjustment.
The actual installation and adjustment mainly rely on the centering deviation measuring
instrument and many years of engineering experience, which leads to long installation
and adjustment time, large repeatability and low control precision, so it cannot meet the
requirements of installation and adjustment. Because the design of the rotating infrared tar-
get simulator and the mechanical structure of the beam inevitably bring system eccentricity
and tilt, coma and astigmatism can be induced in eccentric and inclined state through
calculation and analysis that coma and astigmatism increase linearly as the offset increases,
according to the following analysis of coma, astigmatism, respectively.
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3.3.1. Computational Analysis of Coma

Coma is used to describe the aberration of the off-axis point beam losing symmetry
with the main beam. Usually;, it is required to take the meridian beam and sagittal beam.
The coma of a single spherical surface is caused by two factors. On the one hand, the
coma increases with the spherical aberration. On the other hand, the coma caused by the
refraction spherical surface is also related to the position of the radiation beam, that is,
the incident angle i), of the main ray. i, # 0, if iy is 0, no coma will occur regardless of
the change.

Figure 16 shows the geometric light form at the coma focus. The light distribution can
be imagined as a diffuse spot with a comet shape. The height of the image surface formed
by different apertures forms a coma, in other words, the coma is the deviation of the edge
of the aperture from the main ray. It can be seen from the fan diagram that this light is no
longer rotationally symmetric.

Figure 16. The form of geometric rays of coma.

The uppermost point in Figure 17 is the intersection point of the meridian rays and
the lowermost point is the intersection point of the sagittal rays. From the above analysis,
we can know that the calculated coma value is beneficial to further optimize the optical
system and control the optical system during the adjustment process.

2

.
POCL N
A

"1.-.«'»:.;,

Figure 17. Coma aberration.

Figure 18 is a schematic diagram of the meridional coma, which shows the difference
between the average of the focal heights of the pair of rays and the gaussian image plane
and the height of the intersection of the main lines.

a “; /|
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Figure 18. Schematic diagram of coma analysis.

It is learned that the formula for meridian coma aberration is:
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1
K = E(yal +u') — vy (14)
The sagittal coma formula is obtained because the coordinates of the intersection of a
pair of symmetric sagittal rays and the Gaussian image plane are equal in the y direction:

K =ys' =y’ (15)

Substituting the amount of eccentricity obtained in the previous section, that is, the

defocus distance in optics, into the coma calculation software to obtain a coma value of

0.000806, which satisfies the requirement that the aberration is less than 2%. The coma is

formed by imaging the points of the external field of view. You can reduce the coma by

adjusting the field of view light bar, that is, the smaller the light bar aperture, the smaller
the coma is. In this structure, the coma aberration of 0.5 mm is the smallest.

3.3.2. Computational Analysis of Astigmatism

Astigmatism and coma are also a type of aberration describing asymmetry. The differ-
ence is that coma is mostly a comet-shaped spot caused by a thick beam, while astigmatism
is mostly a diffuse spot caused by a thin beam. The maximum and minimum two mutu-
ally perpendicular main intercept lines existing on a tiny surface element correspond to
the meridian and sagittal directions in the optical system. The former converges at the
meridional image point By’ and the latter converges at the sagittal image point Bs’. The
aberration of the position difference between them is astigmatism, as shown in Figure 19.

# 7
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7
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Figure 19. Schematic diagram of astigmatism analysis.

Enter the parameters into the software to get the maps of different faces to demonstrate
the relationship between the meridian and sagittal planes and astigmatism in this structure
in detail. The plane in the aforementioned optical system design was changed to the XY
direction. The fan obtained by setting the parameters refers to the meridian and the sagittal
plane. Figure 20 is a 3D view of a sagittal light fan.

Figure 20. 3D view of the sagittal fan surface.

In the light spot diagram shown in Figure 21, these are light spot diagrams at 0, 3.07,
and 4.346 degrees of field of view, respectively. The figure shows that the off-axis field
of view has obvious non-rotational symmetry, and the middle field of view has obvious
elliptical characteristics, which is the main form of astigmatism. Now change the field
of view to the meridional plane with only the second field of view. If you zoom in on
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the focal point of the image plane, you can see that the rays in the meridional section are
not fully focused at this time, as shown in Figure 22. Then change the angle of the view,
rotate the view 90 degrees around the Z axis, check the focus of the sagittal pipeline of the
second field of view, and also enlarge the focus of the image plane, as shown in Figure 23.
From the comparison of the light focus of the meridional section and the sagittal section,
the cause of astigmatism can be clearly understood.

OBJ: 0.0000 DEG OBJ: 3.0700 DEG + 1.7000
- =~ 2.5p00
= 3.2000
:*f;:h". W 4,900
. IMA 0.000 MM IMA: 134.077 MM
OBJ: 4.3460 DEG
SURFACR: IMA IMA: 189.987 MM
SPOT DIAGRAM
TUE SEP 26 ZB17 UNITS RARE wem,
FIELD ! 1 3
BMS PADIUS 129.973 339.787 CE1.742
GEO RADIUS : 302,102 467,461 943, 365 LENS , ZMX
SCALE BAR ! i0ge REFERENCE : CHIEF RAY CONFIGURATION 1 OF 1

Figure 21. System spot diagram.

Figure 22. Noon 3D view.

Figure 23. 3D view of sagittal section.

The position of the image point and the size of the dispersion vary with the incident
surface. Two curved surfaces formed by the image point and tangent to the center point
of the Gaussian image surface, that is, the image surface formed by the meridional image
surface and the sagittal image surface, also called field song. x and xs’ are meridian and
sagittal field curvature, respectively. The astigmatism diagram is shown in Figure 24, and
the astigmatism calculation formula is as follows:

{ I/ =+t cosU’ + x'

S =s"cosU + x' (16)
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Figure 24. MTF curve of diffraction in optical system.

In the formula: I’ is the axial distance of the refraction point M of the principal ray on
the sphere relative to B;'; I’ is the axial distance of the refraction point M of the principal
ray on the sphere relative to B,'; ' is the axial distance of the refraction point M of the
principal ray on the sphere relative to B'; s’ is the axial distance of the refraction point M
of the principal ray on the sphere relative to By'.

The meridian field area and the sagittal field area are:

{ N (17)

xs' =1/ — 1

Astigmatism:
Ax' = x/ —x (18)
The meridian field is obtained by software as x;’ = —0.4841, The sagittal field cur-
vature is x,/ = —0.2287, Astigmatism is Ax = —0.2563, The maximum astigmatism is

less than 2%, and the calculated value meets the requirements of aberrations, and it can
be designed according to this structure. When designing the optical system, in order to
improve the optical efficiency of the system, the main aberration value should be calculated.
Select a reasonable system focal length, aperture, field of view, and structure according to
the technical indicators to grasp the overall accuracy of the system.

3.4. Optical Transfer Function to Evaluate Imaging Quality

An important issue in infrared optical systems is assessing imaging quality. It is known
through practice that it is impossible and unnecessary to completely eliminate aberrations.
Some residual aberrations must exist. When designing an optical system, the designer
needs to ensure that the aberration is within a certain tolerance range, so that the receiving
seeker cannot detect the change in aberration before the image quality can be considered
satisfactory. The transfer function is used as an accurate and effective method to evaluate
image quality. It is based on the essential characteristics of the optical imaging system,
that is, the invariance of the space in the iso-halo area. The theory and methods in the
telecommunications network are similarly applied to the optical system by the method of
the Borie transform. The object and image information is analyzed by spectrum language,
and the image quality evaluation adopts the characteristics of frequency spectrum change.
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This method is expressed in the form of functions, which can be applied to both small
aberration systems and large aberration systems. Computer processing is simple and easy.
In the optical transfer function, the high, medium or low frequency respectively represents
the details, levels and contour transfer of the object, while the MTF transfer function can
reflect the comprehensive performance of the system. MTF transfer function can meet the
needs of infrared rotating target simulator system analysis, and it is selected to evaluate
the imaging quality after comprehensive consideration.

In Figure 24, T represents the magnitude in the meridional direction, and S represents
the magnitude in the sagittal direction. The meridional and sagittal transfer function curves
of the field of view are automatically given in the software. In Figure 24 we can conclude:
It can be known from the MTF curve that the spatial frequency of the system when it
reaches the diffraction limit is 30 lp/mm, and it has good imaging quality. The system spot
diagram is shown in Figure 21.

Figure 21 is a diffuse spot formed by the aperture area corresponding to different
wavelengths and different viewing places. The larger the diffuse spot is, the larger the
aberration is. It can be seen that the diffuse spot becomes larger as the wavelength increases.

From the point map, multiple rays emitted from a point affected by aberrations
are dispersed in a certain area of the image plane. The degree of dispersion is used to
directly observe the performance of the optical system. Using the results of ZEMAX
design, we know that the diameter of the diffuse spot in the maximum field of view is
approximately 950 pm, and the diameter of the remaining diffuse spot in the field of view
is less than 950 pm. The dispersion angle corresponding to the maximum dispersion spot
is @ = 950/2500 = 0.363 mrad, and the radius dispersion angle is 0.181 < 0.3mrad, which
meet the requirements of imaging quality in technical indicators.

3.5. Diffraction Problem Analysis

In the infrared band, diffraction often affects the imaging quality, and the influence
of diffraction and aberration should be considered comprehensively when evaluating the
imaging quality. According to the diffraction theory of light, it is known that the optical
system of the circular optical bar makes the point light source at infinite distance form
the image of circular alternating light and dark diffraction, among which the brightest
central circular spot is also called Airy spot. The angular diameter of Airy spot is shown

as follows:
A

A6 = 2.445 (19)
The line diameter ¢! can be obtained by multiplying the angular diameter A6 with
the focal length f:

!
5l = f-AO = 2.44% = 2.44)\F (20)

By substituting the values of wavelength A, pupil diameter D and focal length f” into
Equations (19) and (20), the angular diameter and line diameter can be calculated. When
the wavelength A is 1.7 um, Af = 3.19 x 10~°>mm, 6! = 0.07975mm. When the wavelength
Ais 4.9 pum, A8 = 9.2 x 10>mm, ¢! = 0.23mm. According to the above results, it can be
analyzed that F increases with the increase in A, and so does the diffraction damage. For
the seeker, energy, aberration and diffraction should be considered comprehensively when
choosing F.

The diameter of Airy spot 0.23 mm is smaller than the diameter of diffuse spot 0.95 mm
obtained from the upper segment, so the angle meets the technical requirements. In this
device, the influence of geometrical aberration is greater than that of diffraction.

4. Experimental Study of Infrared Guided Missile Detection Device
4.1. Construction of the Body Structure of the Detection Device

Infrared guided missile detection device experimental platform is shown in Figure 25,
which consists of the simulator’s body structure, optical system, and control system.
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The auxiliary experimental equipment includes a missile seeker, a shaking table and an
industrial control computer. Figure 26 is a lens device.

Figure 25. Experimental platform system diagram.(1-Truss base; 2-Control box; 3-Truss; 4-Rotating
target simulator).

Figure 26. Lens device diagram (1-Substrate 2-Bottom wheel 3-Aluminum bracket 4-lens).

4.2. Detection Device Hardware System Construction

The hardware system is mainly composed of PLC control system, text display, DC
servo motor driver, DC power supply and blackbody temperature control box. This device
uses R5232 communication.

Due to the low rotation speed and relatively large torque of the mechanism, a per-
manent magnet DC servo motor was selected as the power source. Its characteristics of
smooth torque, high accuracy, and wide speed regulation are widely used in servo drives.
The specific model of the motor is: Yujie Motor 45LYX02, which adopts full closed-loop
control to accurately control the position and speed. It is suitable for harsh application
environments. The 1000-line encoder provides precise position accuracy, and the appli-
cable temperature is —20 °C-100 °C. It is used together with ACSD608 servo driver. The
driver uses a differential interface circuit suitable for differential signals. It uses a 32-bit
high-speed DSP chip. The orientation vector is controlled by the FOC field. The position
or speed supports closed-loop control. The power supply voltage range is 20 V-50 V,
open-collector and PNP output circuit signal in one.
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In order to improve the reliability of the system, PLC is selected as the controller, and
the core technology is large-scale integrated circuits. Because there is only one controlled
object for a PLC controller, a small PLC can be selected to meet the work requirements. The
specific model of PLC is Delta DVP28SV. The PLC has a 28-point host, 14 channels of 200 K
input/output, a complete communication -type host, the host points 8P1/4DO, built-in
MiniUSB, Ethernet, RS-485 communication interfaces.

In order to achieve human-computer interaction, a text display is selected as the
human-machine interface. The specific model is Delta TP04G-BL-CU, which can support
RS232 communication ports, and provides 0-9 numeric keys for user-defined modules.

4.3. Detection Device Rotation and Swing Operation Experiment

The rotating and oscillating part of the device is the core of the device. Its role is to
simulate the movement of real targets at different distances and positions. The rotation
and swing operation test needs to realize continuous rotation and swing motion, and the
distance and position of the target can be freely adjusted. After the missile is received, the
structure can be fed back to the industrial control machine, which can meet the missile
test requirements.

4.3.1. Positioning before Mechanism Experiment

Before the infrared guided missile detection device performs the work, it is necessary
to manually adjust the position of the light bulb and the blackbody in the rotary swing
mechanism and perform the positioning. Move the position of the light bulb and the
blackbody to realize the positioning of the target to the target point of the missile seeker.

From the experimental results, it can be concluded that through manual adjustment,
the position of the target source can be flexibly and quickly placed in different positions,
thereby achieving the simulation of targets with different radii.

4.3.2. Mechanism Movement Range Test

Because the rotary swing mechanism uses a PLC control table to control the angle
and speed, it is necessary to set the initial position before the experiment to ensure the
accuracy of the movement. This experiment did not choose to install on a cantilever beam
for experiments, but chose to test the performance of movement in the laboratory, because
the support frame is too high, and the angle of rotation is difficult to observe and collect.
The reference initial position set in this experiment is perpendicular to the central axis
of the motor as the starting point, and the experiment is performed by clockwise and
counterclockwise swings of 45°, 90°, 180°, and 360°, as shown in Figures 27-29.

(b)
Figure 27. (a) Swing 45° clockwise, (b) Swing 45° counterclockwise.

The results obtained through observation are consistent with the initial results, the
target source can achieve continuous swing, and the final position when the clockwise or
counterclockwise rotation is made substantially coincides with the initial position.
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Figure 29. (a) Swing 180° clockwise, (b) Swing 180° counterclockwise.

4.4. Verification of Rotation Angle

Through LabVIEW software to build the rotation angle acquisition platform, in the
process of mechanism rotation, there is a need to monitor the operation of the mechanism
according to the data collected by the upper computer. At the same time, the actual
rotation angle and the theoretical value are measured, and finally the accuracy of the actual
requirements is analyzed through comparison.

A VISA serial port driver is used to design the upper computer. The three-axis
accelerometer that collects Angle and angular acceleration is placed at the target optical
bar hole. The data of the accelerometer are read by ARM single chip microcomputer,
and the data are input into the computer by serial port, and the data and data curve are
displayed in LabVIEW software. The method of collecting experimental data is shown in
Figure 30 below.

Figure 30. The method of collecting experimental data (1-Three-axis accelerometer 2-ARM microcon-
troller).
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The curve of rotation angle is collected by the upper computer, and the mechanism ro-
tates at the speed of 15 ° /s and 30 ° /s, respectively. The result is shown in Figures 31 and 32
below. Figure 31a—c shows the curves of rotation 45°, 90° and 180° at a speed of 15 °/s,
respectively. Figure 32a—c shows the curves of rotation 45°, 90° and 180° at a speed of
30 °/s, respectively. The error range of peak value is between 0.4 and 0.8°, which meets
the requirements.
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=) o "\ /N s
125+ EXS L Y 3 W
e ] ~ - A 4 W\ i \
§ :—W 25 \ // \/ \ / ::. \ /’/ \\ /
g o 2 o L N o N/ S
25 s 25 25
ol - s
“":2;0599 Time ' 0"71;7:5539 011832;2]‘97 R Tiss ’ ‘31:;2‘:4097 ;;’I‘::'l:,ﬂ'!é AR R R R T R .IJ.I.SidJI.IG
(@) (b) ()

Figure 31. Swing curve at 15 °/s. (a) Swing angle 45°, (b) Swing angle 90°, (c) Swing angle 180°.
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Figure 32. Swing curve at 30 °/s. (a) Swing angle 45°, (b) Swing angle 90°, (c) Swing angle 180°.

4.5. Detection Device Vibration Resistance Stability Swing Experiment

The development of infrared guided missile detection device is essentially to verify
the ability of the seeker to receive targets under different vibration intensities. The center
of rotation of the bracket, the center of the fixed table surface of the vibration table and the
longitudinal axis of the seeker after installation are aligned on a straight line, and the slider
is locked to fix the position of the rotation target simulator. The target is dynamically con-
trolled to rotate or swing around the missile’s field of view as its center. The experimental
temperature was (573 + 2) K. The barrier hole is ¢1mm. The tracking angular velocity of
the seeker under vibration is not less than 4 °/s. The seeker has normal rudder control
signal output, the parameters of the shaker are shown in Table 2, and the random vibration
spectrum screened in the test is shown in Figure 33.

Table 2. Table of vibration environment parameters in X and Y directions.

Direction Frequency Range Total Square Root Spectral Density =~ Vibration Time
(Hz) Acceleration (g) (g2/Hz) (s)
Y 20~2000 5 0.028 12
X 20~2000 7.6 0.0628 12
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Figure 33. Spectrum pattern of random vibration screening.

The hardware-in-the-loop simulation, that is, the missile’s dynamic receiving exper-
iment was verified, and the waveforms graph received by the seeker are obtained in an
industrial computer. The results are shown in Figure 34.

Figure 34. Industrial computer reception results.

The experimental results show that the infrared guided missile detection device
realizes the receiving experiment of the target radiation source in the vibration environment
of the missile and meets the real needs. Applying multiple vibration frequencies to the
seeker can measure the tracking of targets at different frequencies and improve the ability
of the missile to be used in different environments.

In the following, the parameters of vibration frequency, amplitude and acceleration are
adjusted to realize the simulation experiments of the seeker tracking target under different
vibration intensities. The parameter table of vibration intensity test is shown in Table 3.

The experimental data show that the dynamic sensitivity and the maximum tracking
angular velocity of the seeker meet the requirements. The seeker can stably track the
simulated target. For missile strike target simulation experiments, the infrared guided
missile detection device provides it with an accurate, controllable and repeatable indoor
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environment, so that staff can accurately and reasonably design and evaluate infrared point
source guidance seekers while saving a lot of experimental costs.

Table 3. Parameter table of vibration strength test.

Test Conditions

Test Duration (min)

Frequency Amplitude  Acceleration
(Hz) (mm) (m/s?) X Y Z
axis axis axis
(10 £2) (2.0 £ 0.3)
(20 £ 2) (1.0 £ 0.15)
(30 £ 2) (0.8 +0.12)
(40 £ 2) (0.6 + 0.19)
(50 £2) (0.4 £ 0.06) (10+1) 5 5
(60 + 2) (0.3 £ 0.04)
(80£2) (40 £8)
(100 £2)
(120 + 2)

5. Conclusions

The errors affecting the optical system are analyzed, and the mechanism characteristics
of the simulator are analyzed in depth to obtain the final position of the seeker to receive
the light source. The amount of eccentric tilt calculated from the matrix coordinates is
9.45 mm. Analyze the effect of the diffraction problem, and get a radius dispersion angle
of 0.181 mrad. The optical transfer function (MTF) is used to evaluate the image quality.
It is concluded that the system error meets the requirements of imaging quality, that is,
it is required to ensure that the dispersion angle half-angle of the 1.7~4.9 um band is
less than 0.3 mrad. Based on the Lab-view system, the curve data of angle and angular
acceleration are collected to ensure the reliability of the mechanism operation, and the
missile simulation and tracking target experiment is completed.

This infrared guided missile detection technology is an interdisciplinary fusion of
optical, mechanical and electrical integration. It is suitable for the simulation and detection
of short-range and small-scale missiles. It has the characteristics of long inter-pupillary
distance, accurate target positioning, rotatable swing around the central axis, remote control
and test cycle. It can greatly improve the success rate of missile strike targets, shorten the
simulation target time, and reduce the experimental expenses. The infrared guided missile
detection device has a simple structure, compactness, accuracy, and simple operation. It
also has broad application development prospects.
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Nomenclature

Acronyms/Symbols  Explanation

MTF Modulation Transfer Function

DC Direct Current

A Wavelength

y The distance between the blackbody and the central axis

I Entrance pupil diameter

I Exit pupil diameter

F F-number

w The field angle

ZEMAX Optical design software

PLC Programmable logic controller

Wmax Maximum deflection

Omax Angle

E Modulus of elasticity

I Moment of inertia

D-H Denavit-Hartemberg [26]

DOF Degree of freedom

ip The incident angle

Ky Meridian coma aberration

K’ The sagittal coma

B/ The meridional image point

By The sagittal image point

Iy The axial distance of the refraction point M of the principal ray on
the sphere relative to B’

1! The axial distance of the refraction point M of the principal ray on
the sphere relative to By’

t The axial distance of the refraction point M of the principal ray on
the sphere relative to

s’ The axial distance of the refraction point M of the principal ray on
the sphere relative to By’

xt! The meridian field area

xs' The sagittal field area

Ax' Astigmatism

0 The dispersion angle

A6 The angular diameter of Airy spot

ol The line diameter

f Focal length

RS232 Recommeded standard 232

DSP Digital Signal Processing

FOC Field-oriented control

PNP P-N-P

PI Purse input

DO Digital output

MiniUSB Mini UniversalSerialBUS

LabVIEW A program development environment developed by NATIONAL
Instruments (NI)

VISA Virtual Instrument Software Architecture

ARM Advanced RISC Machines
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