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Abstract: In order to effectively avoid the complexity and difficulty in analyzing the differential equations
during the modeling process of air suspensions with auxiliary air chambers, electromechanical similarity
theories were introduced, an equivalent electrical model was developed by analyzing parameters interaction
relationship of the parts between electromechanical systems and mechanical system. The electrical model was
verified and validated through comparisons and analysis between characteristic tests towards air suspension with
auxiliary air chamber and simulation of equivalent electrical model. Based on the proposed electrical model,
simulation was conducted to analyze main factors that influence the suspension performance, which could
indicate that evaluation indexes of suspension system vary with the volume of auxiliary chamber and damping
coefficient of damper. Analysis results show that both the volume of auxiliary chamber and damping coefficient
of damper had considerable influence on air suspension performance, and the acceleration of sprung mass falls
obviously with the auxiliary chamber increasing. Copyright © 2013 IFSA.
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1. Introduction

Air spring system with auxiliary chambers is
constituted air spring with auxiliary chamber and the
pipe, and it can obtain lower stiffness by adjusting
the chamber volume [1]. The spring stiffness is
closely related to the chamber volume, the
suspension system’s performance could be improved
by changing the volume of auxiliary air chambers.
Recently, there are a few studies about air suspension
system with auxiliary chamber. However, the major
studies mainly focus on mathematical modeling
which involves complex modeling processes [2].

In the early 1930s, electromechanical similarity
theory has been applied in many ways such as
mechanical vibration and control theory, because the
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mechanical system and electrical system have same
mathematical model essentially. There are two
obvious advantages to analysis the vibration problem
of mechanical system by electromechanical similarity
theory [3-4], one is to bring in the theory of circuit
analysis, network and control to mechanical system
directly, besides, the design, modification or
integrated of circuit system is much easier, and it is
more convenient, fast, economy to simulation with
electronic simulation software of SimPowerSystem
[5-7]. To simplify the modeling process of
mechanical system and avoid the complex
mathematical equations, an equivalent electrical
model of air suspension and its core component air
spring with auxiliary chamber are proposed, and the
corresponding relationship of suspension components
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parameters between mechanical and electrical system
is analyzed based on electromechanical similarity
theory.

2. Electrical Modeling of Air Spring
with Auxiliary Chamber

As a key component of air suspension, air spring
with auxiliary chamber affects the performance of the
whole system directly. According to the polytrophic
process of the gas in air spring, the air spring with
auxiliary chamber is equivalent to an elastically
supported damping system, and the system is
composed by an air spring, for which the volume is
V, (L), effective area is 4, (m?), and stiffness is

K, (N/m), which is in parallel with a shock absorber
with a damping coefficient is C (N/(m/s)), then in
series with an air spring, for which the volume is V,
(L), effective area is 4, (m?), and stiffness is K,

(N/m), and then in parallel with a spring for which
the stiffness K, (N/m) is related to the changing rate

of effective area [8], as shown in Fig. 1.
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Fig. 1. Mechanics model of air spring
with auxiliary chamber.

Electrical system have two different excitation
source as Voltage Source and Current Source, and
mechanical system only have powerful form, so there
are two similar electrical system for the same
mechanical system and its corresponding are: forces -
voltage similarity and forces - current similarity.

The first kind of electromechanical similarity
system is that various similarities and corresponding
relationship which set up as force-voltage similarity,
speed-current similarity as the foundation, the
method that takes this corresponding relationship to
analogy mechanical system is called the first kind of
electromechanical analogy method. In this similarity,
Mass m similarity as the inductance L , the damping
coefficient ¢ is equal to the resistance R , spring
stiffness k& is equivalent to the reciprocal of
capacitance 1/C, and all the parallel connections in
the mechanical system will be transformed to series
connections and vice versa for the series connections
in the mechanical system. Contrary with the first kind
of electromechanical similarity system, the second

similarity is by electrical components of current to
simulate the force, and at the same time take the
speed of mechanical components (i.e. different
speeds) to simulate the voltage across electrical
components (Element potential difference on both
ends), In this similarity, Mass m similarity as the
inductance C, the damping coefficient ¢ is equal to
the resistance 1/ R, spring stiffness k is equivalent to
the reciprocal of capacitance 1/L , all the parallel
connections and the series connections in the
mechanical system will be transformed to be same
connections, this method is called the second kind of
electromechanical analogy method.

Here, the first similarity theory is chosen to be
applied to modeling air spring with auxiliary
chamber. The parameters corresponding relationship
of the system is shown in the Table 1.

Table 1. System parameters correspondence
in electromechanical analogy.

Mechanical System Ft) I(t) m c K

Electrical System U(t) 1(t) L R C

According to the first similarity theory, all the
parallel connections in the mechanical system will be
transformed to series connections and vice versa for
the series connections in the mechanical system. For
convenience of simulation and test, the electrical
system components parameters are controlled within
the suitable region, and the ratio of electrical system
components and its corresponding mechanical system
components parameters is 1:1000, which means that
1000 N of force is corresponding to 1 V of voltage,
and all components will be under this ratio. To
analogy the mechanical model of air spring with
auxiliary chamber, the circuit model is shown as
Fig. 2 based on the first similarity theory.

o
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1

Fig. 2. Circuit model of air spring with auxiliary chamber/

3. Electrical Modeling and Experimental
Validation of Air Suspension

The simplified model of 2 DOF degree freedom

quarter vehicle suspension systems is shown as
Fig. 3 [9].
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Fig. 3. A quarter vehicle suspension system model.

By using the first kind of electromechanical
analogy method, the electrical system model of
quarter vehicle suspension is obtained as shown in
Fig. 4. U is the controlled voltage source, related to

the road roughness ¢ in Fig. 3, C,is capacity, means
the tire stiffness, R, is resistance, corresponding with

damper coefficient, L, and L, is inductance,
respectively corresponding with unsprung and sprung
mass. The corresponding relations of these electrical

parameters and the mechanical model parameters are

1 .
shown asC4:?,R3:C s L=m ,L,=m, , Lis

the mass of tire. C, corresponding with K, means

the electricity systems of air spring with auxiliary
chamber in Fig. 4 and the complete electrical model
of a quarter vehicle suspension is shown as Fig. 5.

Fig. 4. Simplified electricity model of 1/4 vehicle
suspension system.

gm

Fig. 5. Complete electrical model of a quarter vehicle
suspension.

To validate the electrical system model, the rig
test is necessary. The testing system includes the
main air chamber, pipe, pneumatic system, test
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system and other equipments. Table 2 and 3 are the
system parameters in this test.

Table 2. The main parameters of air suspension
with auxiliary chamber.

Tyre Damping
Sprung Unsprung Stiffness Coefficien
Mass (kg) Mass (kg) (kN/m) t (kN-s/m)
725 275 650 6.25

Table 3. Parameters and their values in experiment.

Experimental
Parameters
Volume of Auxiliary
Air Chamber (L)

Velocity (km/h)

Suitable Values

0,2,4,6,8,10,12, 14
20, 30, 40, 50, 60, 70, 80, 90,

100, 110, 120
Road Level A,B,C
Length of 1000
Pipeline/mm
Inner Diameter of
L 20
Pipeline/mm

Combined with the performance evaluation
indexes of suspension system as acceleration of
sprung mass, suspension travel and tire dynamic load
signal, all the simulation and test results are taken the
root mean square value as their final test result.
According to the results of simulation and experiment
in Figs. 6-9, the acceleration of sprung mass,
suspension travel and tire dynamic load have the
same trend with different auxiliary chamber, the date
of simulation and experiment are matched.
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Fig. 6. Acceleration of sprung mass change
with the volume of auxiliary chamber.

4. Analysis of Influence Factors for Air
Suspension Performance

Based on the validated eclectrical model, we can
obtain more information about the change of
suspension evaluate index with volume of auxiliary
chamber in the driving condition.
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Fig. 7. Frequency domain of acceleration.
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Fig. 8. Suspension travel change with the volume
of auxiliary chamber.

I
1

Simulation
-+me=:- Test

w
©
T

w
®
T

w
o
T

w
o

Tire Dynamic Load/kN
w oW ow W
N w e (9}
T T T T

w
T

w
o
N

4 6 8 10
Volume of Auxiliary Chamber/L

Fig. 9. Tire dynamic load change with the volume
of auxiliary chamber.

Fig. 10 shows that how would the volume effect
acceleration of sprung mass at different speed. As
shown in Fig. 10, the acceleration of sprung mass
decreases when the volume of auxiliary chamber
increases, and the change will gradually be stable
when the volume of auxiliary chamber increases

more under different speeds. Moreover, the
acceleration of sprung mass declines quickly with the
volume of auxiliary chamber when the volume is less
than 6L, and it declines slowly when the volume is
more than 6L.
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Fig. 10. Acceleration change with the volume
of auxiliary chamber.

Fig. 11 is the acceleration power spectral density
of sprung mass changes under the condition of the
volume 2L and 10L of auxiliary chamber which find
that sprung mass acceleration power spectrum values
decrease obviously with the volume of auxiliary
chamber increasing, especially during the frequency
of 0~5 Hz. So, the auxiliary chamber volume can
effectively decrease acceleration of sprung mass, and
improve the ride performance of vehicle.

2,
[ —— 2L
10L
1.5 i
!
R !
2 i
N ]
£ i
a i
2 i
1
0 5 20 25

10 15
Frequency/Hz

Fig. 11. Acceleration power spectrum change with the
volumes 2L and 10L of auxiliary chamber.

Fig. 12 and 13 shows that how would the volume
effect suspension travel and tire dynamic load under
different speeds. We find that suspension travel
increases along with the volume of auxiliary chamber
as shown in Fig. 12, but the increasing trend will be
gradually smooth. It is no use to increase the volume
of auxiliary chamber for suspension travel when the
volume increases to the volume of 8L. Fig. 13
indicates that tire dynamic load decreases firstly and
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then increases with the increase of auxiliary chamber
volume, but the amplitude change is not obvious, the
volume of 4L is the boundary. Totally, the volume
change of auxiliary chamber has little impact on tire
dynamic load.
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Fig. 12. Suspension travel change with different volume
of auxiliary chamber.
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Fig. 13. Tire dynamic load change with different volume
of auxiliary chamber.

On the other hand, the damper is mainly used to
suppress the vibration of spring respond and absorb
the shock of road. In fact, the spring stiffness and
damper coefficient is a pair of matching parameters,
they react on each other. Small stiffness and damping
can improve the riding comfort of vehicle, and the
better control stability is obtained under big stiffness
and damping. With the volume 14L of auxiliary
chamber, the suspension performance indexes change
with the damper coefficient are shown as
Figs. 14 - 16.

Choose the different damper coefficients as
simulation variable, and the value is respectively
3125 N-s/m, 6250 N-s/m, 12500 N-s/m and
25000 N-s/m. It is corresponding to the equivalent
resistance in the electrical mode.

By analyzing the results in Figs. 14-16, we can
see that the three suspension performance index have
a great change under different damper coefficients.

230

4.5¢
R3=3125
4] | —o— Ry=6250
G || ——R,=12500
Easl g
£351 o Ry=25000
g
o 3
2
Q.

N
&

Acceleration of S|
N

20 30 40 50 60 70
Speed/(km/h)

Fig. 14. Influence of different damping coefficient
to acceleration.
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Fig. 15. Influence of different damping coefficient
to suspension travel.
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Fig. 16. Influence of different damping coefficient to tire
dynamic load.

Fig. 14 shows the acceleration of sprung mass
increases along with damper coefficient. When the
speed is 60 km/h, the coefficient vary from
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6250 N-s/m to 25000 N-s/m, and the acceleration of
sprung mass increases from 2.27 m/s® to 3.71 m/s’,
and the growing rate is about 63 %. Because the
damping ratio increases with damper coefficient,
which makes suspension harden, the damping effect
of suspension decreased. The damper will have
greater inhibition to the spring when the coefficient
increases, and the inertia force of sprung mass can be
transferred in a short distance, so the suspension
travel decreases with damper coefficient increasing.
Fig. 15 also shows that the greater damper
coefficient, the less effect of speed to suspension
travel, which indicates that damper coefficient, has
more influence to the suspension performance than
that of speed.

The tire dynamic load decrease firstly and then
increases with the magnified damper coefficient in
Fig. 16. The value of tire dynamic load is directly
related to vehicle's road friendliness, so it is
necessary to find the damping coefficient which
corresponding to the minimum value of tire dynamic
load. Further simulation was conducted with
electrical model of the quarter vehicle suspension
with the method of interpolation simulation, the
results shown in Fig. 17.
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Fig. 17. Influence of different damping coefficient
to tire dynamic load.

As shown in Fig. 17, the minimum of tire
dynamic load appeared at the damper coefficient of
8250~9250 N-s/m in any speed. Combined with
Fig. 15 and 16, we know that a damper coefficient
cannot satisfy all performance indexes of suspension
system, and it is need to have a comprehensive
evaluate for suspension performance to get the most
suitable damper coefficient.

5. Conclusions
Based on Electromechanical Analogy Theory, the

equivalent electrical model of the air spring with
auxiliary chamber and the air suspension system was

developed. The comparative analysis was carried out
between the characteristic test of one-quarter
suspension system and the simulation results for
electrical model of air spring with auxiliary volume,
and the accuracy of the electrical model is verified
by rig-testing. According to the analysis results, it has
been found that when the auxiliary volume increases,
the sprung mass acceleration reduced gradually,
dynamic rate of suspension increased and dynamic
load of tire changed a little. When the auxiliary
volume is less than 6L, the sprung mass acceleration
and dynamic rate of suspension changed more. When
the auxiliary volume is more than 6L, the amount of
change was no longer obvious. With damping
coefficient of the shock absorber changed, all
performance indexes of suspension had great
changes. So, the suitable damping coefficient of the
shock absorber should be determined only when the
suspension performance is evaluated.
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