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Fig. 13. Time domain curve of the vertical acceleration of the driver’s seat

Fig. 14. Time domain curve of the vehicle centroid vertical acceleration

Fig. 15. Time domain curve of the vehicle pitch angular acceleration

Rotalonal Angle of Arm_1 (Deg)

Tirme (sec)

Fig. 16. The first balance elbow corner
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Fig. 17. The second balance elbow corner

Figs. 16-18 show impulse responses of first, second and sixth balance elbow corners for
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different suspension systems damping ratio with trapezoidal obstacles at 40 km/h speed.

Rotallonal Angle of Arm_6 (Deg.)

Fig. 18. The third balance elbow corner
3.3. Analysis of the simulation results

(1) When t = 0.35 s, as shown in Fig. 15, the first road wheel hits the first trapezoid obstacle,
causing a sharp increase in the first balance elbow corner, and the driver's seat vertical acceleration
is reflected in the first peak al(il) = 18.6 m/s’. At this moment, the first balance elbow did not hit
the stopper.

(2) When t = 0.8 s, as shown in Fig. 19, the sixth road wheel hit the first trapezoid obstacle.
At this moment, the sixth balance elbow struck the stopper, and the vehicle was affected by
puncturing of the suspension. The driver’s seat vertical acceleration appeared as a second peak
a® =10.6 m/s>.

(3) When t = 1.12 s, the first, second, and sixth road wheel received a second shock from
ground after over the obstacle, and driver’s seat vertical acceleration appeared the third peak
a$ =15.6 m/s2.

(4) When t = 2.45 s-3 s, as shown in Fig. 15, the first road wheel hit the second trapezoid
obstacle, the first balance elbow did Not strike the stopper. In the following 0.5 seconds, the first
road wheel hit the third and fourth trapezoid obstacle continuously. The driver's seat vertical
acceleration appeared 3 peaks. aff) = 16-17 m/s?. Large changes of vehicle pitch angular
acceleration appeared during this time, as shown in Fig. 16.

(5) When t = 4.6 s, the first road wheel hit the fifth trapezoid obstacle. Due to large vehicle
pitch angular acceleration, the shock response was significant, and afis) =22.9 m/s%.

(6) When t = 5.56 s, the first road wheel hit the sixth trapezoid obstacle. Due to dual role of a
second shock over fifth trapezoidal obstacle and pitch vibrations, the first balance elbow struck
the stopper, and the shock response of the driver’s seat reaches a very large value. When & = 0.19,
a((f) = 26.2 m/s%. At this point, the vertical vibration acceleration at the driver’s seat exceeded the
human tolerance limit. In other words, the suspension damping ratio needs to improve.

(7) When t = 5.95 s, the sixth road wheel hit the sixth trapezoid obstacle. Due to the sixth
balance elbow striking the stopper, the shock response of the driver’s seat reaches its highest value
when £ =0.19 and ag) =40.6 m/s’. In this case, the vehicle centroid vertical acceleration was
very large too, as shown in Fig. 15. The reason for this is that the vibration frequency is close to
the natural frequency of the vehicle. When the suspension damping ratio & = 0.33 and
at(;) = 15.5 m/s?, the vertical vibration acceleration at the driver’s seat wound still be below the
human tolerance limit.

3.4. Effect of the suspension damping ratio on the shock response

(1) When the balance elbow does not hit the stopper.
When the tracked vehicle travels between the first and fifth trapezoidal obstacle, as shown in
Table 7, smaller suspension damping causes lower vertical accelerations of the driver’s seat.
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Table 7. Driver’s seat vertical acceleration for maximum and minimum damping ratios (m/s?)
t=035s | t=08s | t=112s | t=245s | t=4.65s
£=0.33 18.6 10.6 15.6 16.7 229
£=0.19 11.5 6.4 7.0 10.6 10.8

As shown in Figs. 16-18, when suspension damping is low, the range of the balance elbow
rotational angle is greater, and can take full advantage of the suspension dynamic travel. This
results in better comfort for the driver.

(2) When the balance elbow strikes the stopper.

Smaller suspension damping causes an increased probability of suspension puncturing. When
suspension breakdown occurred, the vehicle riding comfort was greatly reduced. The driver’s seat
vertical accelerations for different damping ratios in the moment the balance elbow strikes the
stopper are shown in Table 8.

Table 8. Driver’s seat vertical acceleration for maximum and minimum damping ratios (m/s?)
t=556s | t=559s
£=0.33 24 15.5
£=0.19 26.2 40.6

Simulation results show that, when & = 0.33, the driver’s seat vertical acceleration stays within
the human tolerance limit.

An ISU reference model with limited bandwidth active suspension and an active control
algorithm was designed. The output for dynamic travel using the skyhook reference model is the
track target, and a fuzzy PID control algorithm is used to track the moving stroke. The reference
skyhook model for a virtual prototype model is shown in Fig. 19.

<dist1> [P é?s% force1 J
P vell i
<vell> [ ldistt 22’51‘2 force2 1
i< i -
1 <dist2> [P ;?slt% force3 |
<vel2> S-Function |:|
» —»
<dist3> < P{in1 Out1 +—
plantout » > Scope
<vel3> Add
FuzzyPID
et ]
Scope1

Fig. 19. The reference skyhook model of a virtual prototype model

Measured road data was imported into the model. The road wheels were excited by vibration.
The obtained dynamic travelling data were dealed using a 2 Hz low-pass filter as tracking target
data for the control model.

4. Experiments
4.1. Experiment profile

The ISU performances were verified using a single wheel suspension test bench, which
includes elastic force, damping force as well as the adjustment range of the damping force — see
Fig. 20.

The ISU test platform was setup on a road simulator bench. The road simulator would simulate
a variety of pavements. The bench was equipped with tension sensors to measure the force
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between the ISU and the bench but also with temperature sensors used to monitor the internal fluid
temperature of the shock absorber.

Test schemes:

(1) The damping characteristic test conditions were the following:

Control currents, 0 A, 0.5 A, 0.8 A, 1.0 A, 1.2 A, and 1.5 A; amplitude, £80 mm; frequencies,
0.955 Hz; sinusoidal excitation; fluid temperature shock absorber temperatures, 30 °C, 50 °C,
80 °C, and 140 °C.

(2) The stiffness characteristic test conditions were the following: sub plenum chamber
inflation pressure, 11 Mpa; main plenum chamber, 5.5 MPa, 7.1 MPa, 8.8 MPa, and 9.5 MPa;
frequencies, 0.02 Hz, 0.1 Hz, 0.955 Hz, and 1.952 Hz; sinusoidal excitation.

ISU test bench - —_— Power output of

main oil passage

" L Contral ol
! . ontrol unit o
3 — -~ electro-hydraulic
- proportional valve

Au-mFi. 20. 1SU bench schematic

4.2. Test results and analysis

(1) Damping characteristics test.

Fig. 21 shows the ISU dynamometer cards at different temperatures and different control
currents. We can see that, as the temperature increased, the shock absorber damping power is
reduced, and shock absorber damping effect is reduced too. At the same time, the change range of
the shock absorber damping force is significantly reduced, which indicates that the adjustment
range of the damping force decreased.
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Fig. 21. ISU dynamometer card at different temperatures
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Table 9. ISU damping force at different control currents and temperatures (kN)

Temperatures \ Control currents | 0A | 0.5A | 0.8A | 1.0A | 1.2A Ad]ustm.ent range of
damping force
30°C 17.5 | 19.2 | 20.1 | 222 | 243 38.9%
50 °C 159 163 | 179 | 18.8 | 20.5 28.9 %
80 °C 123 | 129 | 137 | 152 | 16.5 34.1%
140 °C 102 | 109 | 11.5 | 12.3 | 13.0 27.5%

Table 9 shows the ISU damping forces at different control currents and temperatures.

1) The adjustment range of the ISU damping force continually decreased with increasing
temperature. When the temperature was 30 °C, the adjustment range could reach 38.9%, and at
140 °C, it still reached 27.5 %.

2) Temperature between 50 °C and 80 °C, the temperature attenuation ratio of the absorber
damping force are 19.1 % and 23.5 %, which meets the design requirement of the shock absorber:
Temperature from 50 °C to 80 °C, temperature attenuation ratio should be less than 30 %.

(2) Stiffness characteristics test.

The ISU stiffness characteristics are shown in Fig. 22.

The ISU output stiffness increased with both increasing sinusoidal excitation frequency and
increasing initial inflation pressure. Because of the dynamic friction, the curves for compression
and rehabilitation stroke do not coincide. When the frequency is greater than 0.1 Hz, the dynamic
characteristic without damping at different frequencies was similar. With increasing test time, the
cylinder wall temperature did not rise, and dynamic friction is reduced.

sl —— o
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ISU stiffness (kN)
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Fig. 22. ISU stiffness characteristic curves at different pre-charge pressures
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The ISU output stiffness increased with both increasing sinusoidal excitation frequency and
increasing initial inflation pressure. Because of the dynamic friction, the curves for compression
and rehabilitation stroke do not coincide. When the frequency is greater than 0.1 Hz, the dynamic
characteristic without damping at different frequencies was similar. With increasing test time, the
cylinder wall temperature did not rise, and dynamic friction is reduced.
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is responsible for analysis of test results.
5. Conclusions

By studying the structure and working principles of an ISU, we were able to derive analytical
formulas for the movement of ISU parts. This was done during a tracked vehicle engineering
project. Based on a two-chamber hydropneumatic spring model, the output powers of the ISU
were calculated and analyzed. We also performed an internal flow characteristics analysis of
another important component of an ISU, the controllable vane absorber. The fluid states of three
types of internal gaps of shock absorbers were analyzed. We developed an analytic relationship
between the adjustable damping valve opening, flow characteristics and the damping
characteristics model of the controllable vane absorber. Based on the theory of multi-body
dynamics, using the commercial software LMS Virtual Lab Motion and LMS Imagine Lab
AMESim, a multi-body dynamics model of tracked vehicles was developed. In addition, we also
developed a soft ground model based on Bekker theory. The impact, when a tracked vehicle travels
on a trapezoidal road, was simulated and analyzed. Changes in acceleration and pitch angles of
both the vehicle seat and centroid were analyzed. Using an ISU bench test, the stiffness and
damping characteristics of the ISU were also examined.
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