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The large vehicle-borne optic-electronic tracking equipment has the characteristics of heavy inertia, com-
plex road condition and wide vibration spectrum. In order to solve the problem of passive broadband
vibration isolation for vehicle-mounted moving platform optic-electronic equipment, a combined
quasi-zero stiffness vibration isolation scheme is proposed. The vibration of the engine, generator, water
cooler and the remaining vibration amplitude, frequency and Yaw of the road after passing the self-
vibration isolation system of the vehicle are collected and confirmed by means of calculation simulation
and field test. At the same time, the effective load of photoelectric equipment is analyzed by frequency
sweeping test, and the corresponding multi-mode frequency points are obtained. According to the char-
acteristics of the special equipment, a quasi-zero-stiffness vibration isolation system is designed to sup-
press the wide-frequency and high-amplitude vibration and Yaw caused by vehicle-borne vibration
source, ground vibration source and resonance point of the equipment, the foundation stability of load
equipment under dynamic condition is realized, which provides a condition for solving the problem of
high precision and stability tracking which is greatly influenced by vibration. The vibration isolation sys-
tem can realize the vibration isolation efficiency of 90% in the range of 20 Hz to 2000 Hz under the con-
dition of 60 Km/h three-class highway with 1.5 t photoelectric load, and restrain the deflection caused by
unbalance torque and vibration source offset effectively. It can be concluded that the quasi-zero stiffness
vibration reduction and isolation combination design can effectively suppress the vibration of the large-
scale vehicle-mounted optic-electronic equipment under the condition of moving platform.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Inter travel stable tracking is one of the key technologies to be
realized in the field of photoelectric tracking and photoelectric
countermeasure [1–2]. Large vehicle mounted photoelectric
equipment has large volume, high stiffness and strength require-
ments, complex pavement vibration spectrum and many and mis-
cellaneous vehicle vibration excitation sources. The traditional
passive vibration isolation scheme is difficult to effectively filter
the vibration in low frequency band, and has no power to the
unbalanced deflection caused by vibration and complex structure
of equipment [3–5]. However, the active vibration isolation and
damping scheme has some problems, such as large volume and dif-
ficult to accept weight. Therefore, both traditional passive vibra-
tion isolation and active vibration isolation are difficult to meet
the high-precision and stable tracking requirements of large vehi-
cle mounted photoelectric equipment under the current moving
platform conditions [6–10].

Combined with the high-precision tracking and aiming require-
ments of vehicle mounted photoelectric equipment in a photoelec-
tric countermeasure field, this paper analyzes the vibration
isolation and damping characteristics of the equipment under
dynamic conditions, analyzes the vehicle excitation source and
road excitation source, and determines the vibration isolation
and damping requirements of the equipment. Combined with the
application background and technical and tactical indexes of the
equipment, the vibration isolation and vibration reduction scheme
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Fig. 2. Appearance of on-board generator and water cooler.
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based on passive quasi zero stiffness vibration isolator and supple-
mented by passive double shock absorber is selected. Combined
with engineering experience, the simulation analysis results are
designed, processed and combined, and the design scheme is ver-
ified by actual pavement test. After multiple rounds of improve-
ment, the vibration isolation and damping combination system
can effectively filter the vibration above 20 Hz. On this basis, the
photoelectric equipment can effectively suppress the external exci-
tation above 20 Hz through the compound axis tracking mode, and
then realize the micro arc tracking accuracy of the photoelectric
equipment to the target under the condition of moving platform.
The vibration isolation equipment studied in this paper can
achieve 80% vibration efficiency for the system random distur-
bance above 20 Hz in the position of the photoelectric window
which easily causes amplification. This effect is relative to 80% iso-
lation efficiency at the current isolation point.
2. Vibration reduction characteristics of large vehicle mounted
photoelectric equipment during traveling

2.1. Excitation characteristics of vehicle related vibration sources

The vehicle adopts Dongfeng 10t chassis, the specific model is
eq2102gj, the engine model is eq6bt5.9, and the displacement is
5.88l. Vehicle vibration sources mainly include three parts: engine,
generator and water cooler. The vehicle chassis itself adopts leaf
spring for primary vibration isolation. In order to test the excita-
tion characteristics of the vehicle’s own vibration source, a vibra-
tion acceleration test site is built, as shown in Fig. 1.

The vibration generated by the generator and water cooler of
the vehicle is much smaller than that of the vehicle engine. There-
fore, the final transmission test method is adopted for the two
vibration tests, that is, the measurement is carried out at the instal-
lation structure of the photoelectric equipment. The absolute
vibration of itself is not considered, but the vibration transmission
of the two accessory vibration sources to the payload mounting
surface is concerned. Fig. 2 shows the appearance and location of
the generator and engine used in the project supported by this
paper.

After testing, the excitation of the vehicle engine is mainly con-
centrated at about 37hz when the engine idles from 700 to
800 rpm, and has a great impact on the inclination vibration of
the photoelectric system. When the engine runs above 800 rpm,
the vibration acceleration at 37hz frequency is still the largest,
but its impact on the inclination vibration of the photoelectric sys-
tem decreases sharply. The vibration acceleration of generator and
water cooler is one order of magnitude smaller than that of engine,
Fig. 1. Schematic diagram of on-board engine vibration source test site.
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so the vibration influence of engine can be mainly considered in
the subsequent vibration isolation design.
2.2. Excitation characteristics of pavement vibration sources

The road excitation is related to the characteristics of the road
and the type and motion characteristics of the vehicle. The project
supported by this paper adopts the requirements for vehicle body
vibration in gjb150-1–86 military equipment environmental test
method, and its vibration signal power spectral density is shown
in Fig. 3 [11–15].

Because the project supported by this paper has a large vehicle
volume, it is impossible to test its own characteristics in the form
of shaking table. Therefore, the test conditions in the project are
directly decomposed, and it is considered that the response results
of the vehicle to the pavement can be tested under the conditions
of moving forward and turning at the speed of 60 km / h on the
pavement of class III Highway. The vibration characteristics of
the road excitation acting on the load-bearing components of the
photoelectric tracking system are measured by accelerometer,
and the test diagram is shown in Fig. 4.

During the driving of the vehicle, the acceleration of the optical
platform carrying photoelectric equipment is tested, mainly
including the acceleration in three axis directions and the vertical
acceleration at the left, right and front and rear maximum span
positions of the platform. After testing, the engine vibration and
road excitation vibration play a major role in the unbalanced tor-
que vibration borne by the vehicle on the road, such as engine
vibration, generator vibration, water cooler vibration, road excita-
tion vibration and personnel walking. When the road surface is rel-
atively flat, the vibration of the engine plays a major role in the
Fig. 3. Road vibration spectrum.



Fig. 4. Schematic diagram of vehicle road excitation test.

Fig. 5. First order mode.

Fig. 6. Second order mode.

Fig. 7. Finite element model of point deformation.
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high frequency. When the road surface is uneven, the bump of the
road surface has a greater impact on the optical platform. The
instantaneous acceleration is one order of magnitude higher than
the vibration acceleration of the engine, and the vibration ampli-
tude is also very large, but this vibration is mainly concentrated
in the low frequency band. The unbalanced amplitude in the left
and right directions during vehicle driving is random, and the aver-
age acceleration on both sides is basically the same over a period of
time. The acceleration and vibration amplitude in the front and
rear directions of the optical platform are quite different, showing
a trend of large in the rear and small in the front, which is very fatal
for the photoelectric system which is difficult to tolerate the rapid
change of small angle. Therefore, the inconsistency of vibration in
different directions should be fully considered in the design of
vibration isolation system.

2.3. Spectrum and deformation characteristics of photoelectric
equipment

The tracking accuracy of photoelectric equipment depends on
the corresponding speed of equipment hardware, the suppression
of external disturbance, the servo control of resonance point of
its own structure, the suppression of deformation of bearing point
of photoelectric equipment and so on. The spectrum characteristics
of the equipment itself are the characteristics of the photoelectric
system itself. The corresponding characteristics can be determined
by finite element simulation or frequency sweep vibration of the
equipment itself. The equipment characteristics obtained by the
frequency sweeping method have real reliability, but the equip-
ment needs to complete the assembly of all parts and may cause
damage to the equipment. Therefore, the frequency spectrum char-
acteristics of photoelectric equipment are determined by finite ele-
ment simulation in this paper. The bearing point of photoelectric
equipment is the key point of the system. It is necessary to ensure
that the point has sufficient stiffness strength and damping capac-
ity when disturbed by the outside world, in order to achieve the
minimum unbalanced deformation of the key point. The deforma-
tion of photoelectric equipment bearing point is very small, and
the traditional measurement is difficult to accurately detect the
deformation of micron scale. In this paper, the deformation of
key points is analyzed by finite element simulation.

Firstly, simplify the system model, establish the finite element
modal grid, conduct simulation analysis, and obtain the first-
order modes of the structure, among which the first-order and
second-order modes with the greatest impact are shown in the fig-
ure below. Fig. 5 and Fig. 6 show the first-order and second-order
resonant frequencies of the equipment respectively.

The first two modes with the greatest influence are 52 Hz and
54 Hz respectively.

According to the practical application, the finite element model
of the transition seat, the bearing part of the key optical system, is
established, as shown in Fig. 7. Four support surfaces on the bot-
3



Fig. 9. Cloud diagram of plane deformation.
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tom surface are constrained, and random excitation is applied on
the constraint surface. The boundary conditions of external vibra-
tion input are shown in Fig. 8.

The optical system adopts three-point positioning bearing,
which are defined as three points a, B and C respectively. The max-
imum deformation of three points is obtained by inputting the
above vibration conditions to the model. This paper takes the ver-
tical direction with the greatest influence as an example. It is cal-
culated that the maximum deformation variable at a is
0.12339 mm and the maximum stress value is 10.05mpa, as shown
in Fig. 9 and Fig. 10.

The same method is used to obtain the stress–strain results of
points B and C. The maximum deformation of point B in the vertical
direction is 0.11594 mm, and the maximum stress value is
7.375mpa. The maximum deformation of point C in the vertical
direction is 0.05227 mm, and the maximum stress value is
3.472mpa. According to the absolute strain value and position rela-
tionship of the three points, it can be calculated that the vertical
angle change caused by external disturbance is mainly reflected
in points A and C, and the maximum angle deformation is
(0.12339–0.05227) / 0.6 = 0.1185mrad. The modal simulation of
the whole tracking frame structure shows that the first-order and
second-order modes that have the greatest impact on tracking are
52 Hz and 54 Hz respectively. According to the above simulation
results, the deflection angle between point A and point C and the
control of key points of system mode should be considered in the
design of vibration isolator.
Fig. 10. Plane stress echogram.
3. Principle and application design of quasi zero stiffness
vibration isolation and damping

In order to reduce the impact of wide-spectrum vibration, large
angular velocity/large angular acceleration motion, unbalanced
torque of the system itself and resonance point mode during vehi-
cle traveling, the shock absorber is reasonably designed according
to the above vehicle dynamic tracking boundary conditions and
loading prototype parameters (engine, generator, water cooler,
pavement and its own volume, weight, center of gravity, mode,
etc.), Filter out the high-frequency and low amplitude vibration
of the vehicle platform. The reasonable design of vibration isolator
is the premise to realize the stable and dynamic tracking of the sys-
tem, suppress the high-frequency vibration of the system as far as
possible, and hand over the low-frequency vibration part to the
servo system. The performance of vibration isolator to suppress
high-frequency vibration components determines the system
bandwidth. The integrated vibration isolation technology mainly
includes the research on equipment vibration isolation and equip-
ment vibration reduction. The equipment vibration isolation is
Fig. 8. Input curve of external vibration boundary conditions.
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mainly to set a vibration isolation system between the tracking
and launching turntable and the vehicle carrying platform. Based
on the above analysis results, a quasi zero stiffness isolator which
can meet the above boundary conditions is designed to isolate the
equipment. The design objective of vibration isolation is that the
attenuation rate above 25 Hz shall reach more than 90%, and the
angular velocity of external disturbance attached to the tracking
axis after vibration isolation shall not be greater than 10�/s.
3.1. Quasi zero stiffness vibration isolation principle

The vehicle vibration on the road is mainly low-frequency and
ultra-low-frequency vibration distributed between 3 Hz and
100 Hz. However, the traditional vibration isolation technology
generally has problems such as high cost, high initial vibration iso-
lation frequency and resonance. Starting from the demand of high-



Fig. 12. Transmissibility curve of linear passive vibration isolation system.

Z. Chen, S. Yu, B. Wang et al. Ain Shams Engineering Journal 14 (2023) 101841
precision tracking and aiming of large-scale vehicle photoelectric
system on the road, the design of an ultra-stable platform with
low-frequency and ultra-low frequency vibration isolation charac-
teristics and effectively overcoming unbalanced torque and multi-
point resonance point suppression is the main content of this
paper.

The traditional vibration isolation system is mostly linear vibra-
tion isolation system, which is mostly composed of springs and
dampers. Its principle is shown in Fig. 11. If acceleration excitation
is applied to the base, the motion equation of the system is [16–
17]:

Mx + cx + kx = mpsinht (1).
The amplitude B of the isolated equipment is:

B ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2fx=xnÞ2

½1� ðx=xnÞ2�
2 þ ð2fx=xnÞ2

vuut ð2Þ

Absolute transmissivity is defined, which means the ratio of the
vibration amplitude of the supporting equipment transmitted to
the equipment through the vibration isolator to the displacement
amplitude acting on the object without the vibration isolator, that
is:

b ¼ B
a
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2fx=xnÞ2

½1� ðx=xnÞ2�
2 þ ð2fx=xnÞ2

vuut ð3Þ

According to the above formulak ¼ x
xn
, the curve with can be

obtained, as shown in Fig. 12.

3.2. Quasi zero stiffness vibration isolation design

The quasi zero stiffness vibration isolation system discussed in
this paper is installed on the equipment base, as shown in Fig. 13.
The designed quasi zero stiffness vibration isolator is arranged at
the bottom of the equipment according to the principle that the
total torque of the equipment is zero and based on the center line
of the equipment. The quantity configuration, software and hard-
ware settings of vibration isolators are carried out according to
the above simulation and test results.

The quasi zero stiffness isolator is composed of many negative
stiffness elements, and each negative stiffness element can be sim-
plified, as shown in Fig. 14. Its stiffness can be expressed as:

k(x) = dF dx = x02(1-a2(x2 + a2)) ð4Þ
The stiffness curve of the negative stiffness element is shown in

Fig. 15. The stiffness of the quasi zero stiffness system at the equi-
librium point is 0, the corresponding restoring force is 0, and the
restoring force at other positions is not 0; The more away from
Fig. 11. Schematic diagram of vibration isolation system.

Fig. 13. Setting position of quasi zero stiffness isolator.
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the equilibrium position, the faster the change rate of the restoring
force; Within a certain range near the equilibrium position, the
restoring force is very small, close to 0. Therefore, as long as the
load range of the vibration isolator is reasonably set, the transmis-
sion rate of vibration can be well controlled.

Passive vibration isolation is to reduce the vibration transmitted
from the foundation to the object. Therefore, the effect of vibration
isolation can be measured by the ratio of object vibration to foun-
dation vibration. In this paper, the ratio of object vibration ampli-
tude to excitation amplitude is defined as the transmission rate of
the vibration isolation system. The greater the transmission rate,
the worse the vibration isolation effect. Based on this, the effects



Fig. 14. Negative stiffness element.

Fig. 16. Acceleration transfer rate of quasi zero stiffness element.
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of different excitation amplitude and damping ratio on the dis-
placement transmission rate and acceleration transmission rate
of the vibration isolation system are investigated respectively.
Through simulation analysis, the transmission rate of quasi zero
stiffness element is shown in Fig. 16. The red line is the transmis-
sion rate of other vibration isolation systems, and the green line is
the transmission rate of zero stiffness vibration isolation. It can be
seen that the use of quasi zero stiffness structure can reduce the
vibration isolation cut-off frequency and improve the high-
frequency vibration isolation efficiency.

Based on the above design principles, a quasi-zero stiffness
finite element model is established. According to the engine, gen-
erator, water cooler, road excitation of the system vehicle, the res-
onance frequency of the equipment itself and the unbalanced
deformation conditions after impact, combined with previous
engineering experience, a set of vibration isolation system is
designed. The system is composed of two groups of eight vibration
isolators, the layout position is set according to the above excita-
tion and unbalance torque and the theoretical center of gravity
position of the system. The vibration isolation capacity of each
vibration isolator is different. In order to verify whether the vibra-
tion isolation system meets the requirements, it is necessary to
simulate and verify the vibration isolation capacity and combined
vibration isolation capacity of each vibration isolator. In this paper,
the vibration isolation design of No. 1 vibration isolator is simu-
lated as an example. Impose fixed constraints on the lower end
face of No. 1 vibration isolator, apply load on the upper end face,
Fig. 15. Stiffness curve and force transfer
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set the excitation frequency as 0-1000hz sweep excitation, set
the acceleration value as 50 M / S2, and the location of the measur-
ing points is shown in Fig. 17. The response curves of point a point
B are obtained through calculation, as shown in Fig. 18 and Fig. 19.

By analyzing the response results of the vibration isolator
before and after vibration isolation, see whether the vibration iso-
lator meets the requirements of the vibration isolation efficiency
and capacity allocated to the vibration isolator by the vibration iso-
lation system. If not, adjust the structural parameters of the vibra-
tion isolator until it meets the requirements of the system for its
software and hardware. As shown in Figs. 18 and 19, the No. 1
vibration isolator can meet the design requirements of the system
for vibration isolation at this point. This simulation analysis
method is also used to evaluate the vibration isolator system, guide
the practice with theory, and process the vibration isolation system
according to the final optimization results.
4. Test and analysis of quasi zero stiffness vibration isolation
system

The quasi zero stiffness vibration isolation system discussed in
this paper is analyzed by single machine test and system test. The
method of single machine test is to install the vibration isolator on
the optical machine system under test, put the system on the
vibration table for frequency sweeping vibration, test the accelera-
tion values at different positions, and obtain the vibration isolation
efficiency of the system. The system test method is to install the
vibration isolator and photoelectric equipment on the vehicle, con-
figure accelerometers at the positions before and after vibration
isolation, drive the vehicle carrying large photoelectric equipment
under actual road conditions, test the values of each accelerometer,
curve of negative stiffness element.



Fig. 17. location of measuring points.

Fig. 20. Vibration isolation efficiency and frequency sweep site of photoelectric
equipment.
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and analyze to confirm whether the vibration isolation system can
meet the vibration isolation design requirements. Fig. 20 shows a
large photoelectric device located on the shaking table. Fig. 21
shows the combination of vibration isolation and damping effects
in three directions at a certain position after vibration isolation
of the vibration isolator when the vibration table is swept at the
frequency of 0 � 2000 Hz.

It can be seen from Fig. 21 that when the frequency is swept
above 20 Hz, the vibration isolator can achieve more than 90%
vibration isolation efficiency, in which the vibration isolation effi-
ciency in X and Y directions is higher, while the vibration isolation
effect in Z direction in vertical direction is the worst, and there is
an upward trend in multiple frequency bands. These points are
basically consistent with the modal analysis results of the system.
Swept frequency vibration can see the overall vibration isolation
effect of the vibration isolation system, but it can only indirectly
explain the actual vibration isolation effect of the system. There-
fore, on the basis of swept frequency verification, this paper veri-
fies the vibration isolation efficiency of the system by organizing
Fig. 18. Response

Fig. 19. Response
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field tests. Fig. 22 shows the state of photoelectric equipment after
loading.

Install the accelerometer at the upper and lower positions of the
vibration isolator, let the vehicle drive normally on class III High-
way, test the acceleration values at different positions, compare
and analyze the data, fit the vibration curve, and confirm whether
the set of vibration isolation system meets the designed vibration
isolation efficiency. Taking test points 1, 2 and 3 as examples, the
three points are the vertical direction of the vehicle girder, the ver-
tical direction of the lower part of the vibration isolator and the
vertical direction of the upper part of the vibration isolator, as
shown in Fig. 23.

The idle speed of the vehicle has a lot of influence on the
system. In order to verify the vibration isolation effect of the
curve at A.

curve at B.



Fig. 22. Loading test diagram of photoelectric equipment.

Fig. 23. Schematic diagram of test points for system vibration isolation efficiency
test.

Fig. 21. Three direction frequency sweep vibration isolation efficiency of
equipment.

Fig. 24. Idling equipment fully open for 1000 revolutions (vibr
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vibration isolation system on the engine idle vibration, the
engine idle vibration isolation efficiency test is carried out sep-
arately. Take measuring point 1 and measuring point 3 for anal-
ysis. The green curve in Fig. 23 is the vibration acceleration
curve of measuring point 1, and the red curve is the vibration
acceleration curve of measuring point 3. After installing vibra-
tion isolators at different speeds, the vibration transmission rate
can be reduced by more than 90%, and the higher the speed,
the more.

The traveling test is the final test of the system. The test is also
analyzed at measuring point 1 and measuring point 3. As shown in
Fig. 24, the vibration transmission rate can be reduced by more
than 90% at a constant speed of 20 km / H � 60 km / h. Fig. 25
shows the vibration transmission rate above 20 Hz is reduced by
95.9%.

From the above test results, this set of quasi zero stiffness vibra-
tion isolation system can meet the vibration isolation require-
ments of photoelectric equipment under the conditions of engine
vibration, generator vibration, water cooler vibration, road bumps,
self-torque imbalance and so on, and realize a large proportion of
vibration frequencies above 25 Hz.
5. Conclusion

Based on the working requirements of large-scale vehicle pho-
toelectric equipment, this paper establishes the disturbance cate-
gory and influence model of photoelectric system working on the
road according to the requirements of high-precision tracking
and aiming. At the same time, according to the characteristics of
quasi zero stiffness vibration isolator, a vibration isolation system
which can meet the requirements of the system is designed. The
influencing factors of vibration are quantitatively analyzed by
means of simulation analysis and practical test. According to the
analysis results, eight two group matched vibration isolation sys-
tems are designed to meet the vibration isolation requirements
of a large vehicle mounted photoelectric equipment. The vibration
isolation efficiency of the vibration isolation system is quantita-
tively evaluated by means of shaking table frequency sweep and
field sports car acceleration test. The results show that the vibra-
tion isolation system can achieve the vibration isolation efficiency
of the photoelectric equipment above 20 Hz and above 90% under
complex road conditions. This provides a solid foundation for the
high-precision tracking of photoelectric equipment. The effective
tracking of the target can be realized when the bandwidth of the
tracking equipment meets more than 20 Hz. The lower limit vibra-
tion violation efficiency of the quasi-zero stiffness isolator is 20 Hz
in low frequency range. To achieve a lower frequency partition, the
ation transmission rate above 20 Hz is reduced by 90.8%).



Fig. 25. The equipment is fully opened at a constant speed of 60 km / h.
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effects of active vibration or active/passive vibration isolation
equipment on optical system should be studied.
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