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Abstract

According to the composition and the principle of the liquid-electric ener-
gy-sensing damper, the corresponding hydraulic regenerative model is de-
signed. In this paper, an advanced type of shock absorber combined with the
mechanical and electromagnetic hydraulic structure has been proposed that
recycles the energy dissipated by shock absorber in the driving process. In
addition, the damping characteristics of the conventional mechanical vehicle
and the advanced hydraulic regenerative mechanical vehicle have been ana-
lyzed by using AMESim simulation. The regenerative suspension is reformed
from the traditional hydraulic and pneumatic suspension. The suspension
absorbs kinetic energy converts it into hydraulic potential and pneumatic
power to be stored in the accumulator. The kinetic energy is then converted
into electricity instead of heat by using the hydraulic suspension and Pow-
er-Generating Shock Absorber (PGSA). The AMESim simulation results have
efficiently verified the displacement characteristics curves and flow rate of
hydraulic fluid in the body. Finally the conversion of energy produced by ad-
vanced hydraulic regenerative mechanical vehicle transferred into electrical
energy. The designed hydraulic shock absorber allows a significant fuel saving
of 1.5% to 4% depending on the vehicle and driving conditions.

Keywords

AMESim, Producing Electricity, Ride Comfort, Hydraulic Shock, Accumulator,
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1. Introduction

Suspension plays a vital role in vehicles, especially to maintain the ride comfort
and road handling performances, by using oil shock absorbers to dissipate the

vibration energy in them. Energy recovery from shock absorbers is a kind of
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method recovery energy of vibrations. Researchers have developed energy re-
covery since the early 1990s. Early energy recovery with active control and rege-
nerative control of active vibration damper concept was proposed in 1996 [1]
[2], and the idea was relying on linear DC motors. However, linear motors were
generally costly, and linear motors efficiency was much lower than rotary. Then
Graves [3] developed their energy-regenerative shock absorber by using a ball
screw mechanism and rotary DC motor, while the results suggested that some
parts still needed to be improved. Nakano [4] found rotating electromagnetic
dampers had the advantage of mechanical amplification, and they have developed
extra dynamic elements in series to enhance the vehicle dynamics. Two configura-
tions of regenerative electromagnetic shock absorber have been designed for re-
covering the energy dissipated in shock absorber a linear device and a rotary de-
vice [5]. Li designed and analyzed an electromagnetic harvester for potential ap-
plications from vehicle suspension based on rack and pinion [6]. Zhang de-
signed a regenerative shock absorber based on an arm teeth mechanism [7]. But
energy-regenerative characteristic and the damping characteristic of their pro-
gram still needed to be improved. Liu has stimulated and modeled a energy re-
generative suspension based on neural network PID control [8], and Zou stimu-
lated a hydraulic energy interconnected suspension based on hydraulic ener-
gy-regenerative shock absorber (HESA) comparatively with the passive suspen-
sions [9]. This study tries to develop another program with rotary motor-HESA
to obtain higher efficiency and better reliability [10].

US Patent Publications [11] [12] [13] [14] reveal various similar liquid-electric
energy-feeding suspensions, which utilize the oil circuit system design to convert
the reciprocating vibration energy of the piston into the hydraulic energy of the
damping oil, and the hydraulic motor in the driving system rotates. The damper
converts mechanical energy into heat by friction and then dissipates it to reduce
vehicle vibration. If this part of the power can be recovered, it is possible to re-
duce fuel consumption and achieve energy saving. The damping force created by
shock absorbers in traditional suspension is mainly based on orifice compensa-
tion and hydraulic actuator [15], which transfers the vibration energy into the
damper oil heat, then dissipating into surroundings through the tubes. When
vehicles are driving on the road, many factors affect on the vehicle [16] like vi-
bration between spring-mass and unspring mass. These vibrations are dissipated
into heat waste through friction during the damping process. The Damper con-
verts mechanical energy into heat energy through dissipation and reduces the
vibratory motion of the vehicle. If this part of the power can be recycled, then it
would reduce fuel consumption and achieve the purpose of energy-saving.

The structure of regenerative energy suspension is different such as making
reforms on traditional active suspensions [17] [18] [19] [20]. In this paper, we
recover the vibration energy of the vehicle caused by uneven road surface, a liq-
uid-electric energy-sensing damper for vehicles are designed on LMS AMESim.
The hydraulic accumulators are used in a variety of applications to minimize the

pressure difference in hydraulic circuits and to store energy. The hydraulic sys-
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tem pressure changes with the quantity of energy stored, and the energy density
is significantly lower than other energy domains. Shock is defined as “a transient
condition whereas the kinetic energy is transferred to a system in a period which
is short, relative to the natural period of oscillation of the system”. Usually, shock
contains a single impulse of the energy of the large intensity and short duration,
which replicates in a dramatic change in velocity of the system undergoing shock.
The principle involved in both vibration and shock isolation is similar. The dam-
per is an essential component in the automotive suspension system, and the hy-
draulic oil flows back and forth during the work. The primary function of vehicle
suspension is to reduce the vibrational acceleration, deceleration disturbance from
road roughness and chassis for better ride comfort and to sustain reasonable tire
ground contact force for better vehicle handling. The suspension system is consists
of the viscous and spring shock absorber. The regenerative braking systems have
become increasingly popular because of recovering energy that would be lost
through braking. However, another energy recovery mechanism that is still in the
research stages is regenerative suspension systems. This technology can conti-
nuously recover a vehicle's vibration less energy dissipation that occurs due to road
irregularities, vehicle acceleration, braking, and use the energy to reduce fuel con-
sumption. The research group of Wuhan [21] has carried out a lot of research on
the liquid-electric energy-feeding suspension, and proposed several implementa-
tion schemes of liquid-electric energy-feeding suspensions, from establishing dy-
namic models and simulation analysis. In addition, Fang [22] also studied the in-
fluence of road excitation frequency, external load and damping coefficient on
energy efficiency. Lin Xu [23] have designed a hydraulic transmission electromag-
netic energy regenerative active suspension system but in that system have used
double accumulators, one was low and other higher precharge pressure accumu-
lator that is not more efficient due to volume dynamic response. But in our re-
search, we are using one accumulator getting more active, and this study analyses the
modeling and simulation of shock absorbers, actuators, and dampers. The main
work of this paper designs a hybrid energy damper that can make the oil flow in one

direction, drive the generate electricity and obtained asymmetric damping ratio.

2. Working Principle

In this paper simulation includes some parameters like a hydraulic cylinder, check
valves, hydraulic actuator, accumulator, hydraulic motor, electromotor, pressure
sensor, and elastic elements (Table 1).

As shown in the below Table 1, the main structures of the current shock ab-
sorbers are integrated. It is found that the structure of the hydraulic electromag-
netic structure is excellent, which has excellent development potential during the
hydrostatic energy-storage type and the electromagnetic coil shock absorber cap-
ture a part of the energy losses by suspension, and most of the vibration energy
dissipated in the form of heat, so the efficiency is low. In contrast, the electro-

magnetic structure has high efficiency and reliable structural design.
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Table 1. Integrate the main structures of the current shock absorber.

Structure Type Efficiency Cost Reliability

Hydraulic electromagnetic High Low High
Conventional Suspension Low Low Low
Linear motor Middle High Low

Rack-pinion Middle Middle Middle
Ball screw High Middle High
Electromagnetic coil Low Middle Low
Hydrostatic energy storage Low High High

The working principle when the absorber is in the compression stroke, the pis-
ton pushes the liquid into the storage generation chamber via check valve 2 be-
cause check valve 1 is closed at this time. The hydraulic fluctuation rectified by
energy accumulator, and this accumulator pressure increase and volume would be
decreased. When the shock absorber subjected to external force from a road pro-
file, then this force enhances the hydraulic pressure inside the shock absorber and
compressed the gas inside the accumulator. This hydraulic fluid moves towards
the hydraulic motor that is connected with the generator and generate the electric-
ity. The reaction produced in the working process of the generator makes the hy-
draulic motor to produce a damping force against the liquid. This force is trans-
mitted to the piston by the liquid to gain the purpose of vibration reduction. For
weakening the fluctuation, oil flows through the accumulator. Finally, the conti-
nuously steady oil flow drives the hydraulic motor to generate electricity. The lig-
uid flows through the hydraulic motor and the check valve 3 and goes back into
the chamber below the piston. At the same time, the returning hydraulic pressure
affects the check valve 1, while in the compression stroke of the piston, the inside
is in high pressure and the returning liquid is in a low pressure, the check valve 1 is
closed. The system works a similar way while the absorber is in extension stroke. So,
whether the shock absorber is in compression stroke or in extension stroke, the lig-
uid flow passing through the hydraulic motor will not change directions (Figure 1).

The lower and upper chambers are connected by the complete rectifier in the
double-acting cylinder so its compression stroke and extension stroke could be
controlled and recover energy. The primary influence of the hydraulic accumu-
lator is to absorb the sudden shocks and minimize pressure fluctuation in our
model. In hydraulic electromagnetic regenerative shock absorber, most of the
components are from the libraries in AMESim like Mechanical, hydraulic, hy-
draulic Components Design, Signal control, and Vehicle dynamics. We are using

some interior parameters in our model, as mention in below Table 2.

3. AMESim Simulation Model of Hydraulic Electromagnetic
Energy Regenerative Shock Absorber

We build a model in AMESim by using hydraulic, mechanical, electrical, and
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Figure 1. Configuration of hydraulic transmission electromagnetic energy regenerative
shock absorber.

Table 2. Interior parameters.

Sub Model Parameters Unit Value
Accumulator Accumulator volume L 14
Mass2port Car Body mass kg 400
Mass2port_1 Tyre mass kg 50
Accumulator Pressure at port 1 bar 10
Spring01 Spring rate N/m 150,000
Springdamper01 Spring rate N/m 100,000

signal control library. No matter the shock absorber is in the extension stroke or
compression stroke in the presence of hydraulic rectifier, the hydraulic motor is
driven from one side. If hydraulic rectifier is removed, then oil will drive the
motor from two sides, and the motor will change its rotational direction twice.
In advanced modeling are using a motor of 8 cc/rev displacement and 4000
rev/min while in traditional no use of motor, accumulator and check valve. The
configuration of the hydraulic electromagnetic type shock absorber is shown in
the following Figure 2. The hydraulic cylinder piston drives the oil to flow to-
ward the accumulator under the excitation of the external; then the oil is sent to
the hydraulic motor to rotate the motor, which will drive the generator to gener-
ate electricity (Figure 3).

We are using many sub-models components in our advanced hydraulic rege-
nerative shock absorber and traditional conventional model. First of all the hy-
draulic accumulator without inlet orifice have real parameters gas precharge
pressure 10 bar and accumulator volume 1.4 L. BHCI11 is a hydraulic junction
intended solely for connecting to BHC11. Make tests on the simulation model of

hydraulic electromagnetic energy regenerative absorber. The related parameters
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Figure 2. Circuit schematics diagram on AMESim of advanced hydraulic regenerative
shock absorber.

Figure 3. Traditional conventional suspension system.
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are set according to QC/T 545-1999 (Experimental telescopic shock absorber
suspension testing). The real parameters stroke is 100 mm, and the frequency is
1.67 Hz. The cylinder bore of the absorber and the diameter of the piston rod is
50 mm and 20 mm respectively. This submodel is used to provide supplementa-
ry ports for BHC11. The hydraulic volume with pressure dynamics has real pa-
rameter dead volume 50 cm’. BRP18 is used to represent part of a jack or valve
where a pressure acts on a piston or spool and on the body or sleeve where the
piston and the shape of the jack or valve are moving. Use this submodel to con-
struct hydraulic jacks and spool valves with moving body. It can also be used for
parts of brake systems and automatic gearboxes. The external parameters of pis-
ton with moving body are flow rate port 1 42.95 L/min, force at port 2896.06 N,
displacement at port 2 is 0.029 m, displacement at port 3 is 0.0198 m, and veloc-
ity at port 2 is 6.93 m/s.

Use MAS002 for linear motion of a mass with two forces applied to it when
there is no friction. In this model, the car body mass is 400 Kg, while the mass of
the tire is 30 kg. The real parameters are only mass, and external parameters are
velocity pf the car body mass is 7.61 m/s, and velocity of tire body mass is 6.93
m/s. The real parameters of mechanical spring and damper spring rate is 150,000
N/m, damping rating is 1000 N/(m/s), spring force with both displacement 0 N
and material shear modulus is 8.57e+10 N/m”. The external parameters are force
at port 1 is —1897.16 N, Velocity at port 1, 2 are respectively 6.28 m/s, —6.93 m/s
displacement at port 1, 2 respectively are —4.714 m, —0.0069 m. The liquid is in-
compressible, and because of the hydraulic pipeline with a larger caliber in the
hydraulic electromagnetic energy regenerative absorber, the pipe loss that is of
viscous damping can be neglected, then the damping force Fis only related to
the piston area and the hydraulic pressure Pacting on the piston [23] (Figure 4).

Damping Force at port 2 [N]
T T T T

T

T T T

1 1 1

1
0.5 1 1.5 2 25 3 35 4 4.5 5
Time [sec]

Figure 4. Damping force of moving piston body in regenerative absorber.
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Table 3. Recovery resistance and compression resistance force at different cylinder diameter.

Cylinder Diameter mm Recovery Resistance N Compression Resistance N
20 200 - 1200 100 - 600
30 1000 - 2800 200 - 900
40 1500 - 4500 400 - 1800
50 4000 - 7000 700 - 2800
T (D2 -7 )
F=p——— (1)

The piston speed 0.52 m/s is the damping force of time resistance. When the
cylinder bore diameter is 50 mm required we get restoration resistance 4000 -
7000 N and compression resistance 700 - 2800 N, as above Table 3.

The force rate ratio is always greater than 1 and less than 3. This model gets
the compression force is £}, 3367.65 N, and expansion force F,, 3676.107 N, and

recovery resistance 7043 N.

F. 1
Rate = 12 2367610, o9 (2)
F, 3367.65
According to the requirements of QC/T 545-1999 national Standard, the test
conditions of the piston velocity 0.52 m/s are equivalent. For amplitude is 50
mm and the frequency is 1.67 Hz sinusoidal excitation.

TTXSXnN

4 x10™* =0.52 m/s (3)

With the following equation, we can calculate the shaft torque,

out

ntx20

(P, —P,)xdisp @

torgue =

The total liquid flow rate of the hydraulic motor can be calculated by given
below equation
T (D2 -d’ )

2 (5)

O=Vrp

When the slope of signal incentive, the positive portion of the absorber is in
the compression stroke and negative is extension stroke. The real parameters of
the sine wave frequency are 1.67 Hz, and the phase shift is 270 degree (Figure 5).

The components which are used to harvest energy includes hydraulic motor,
electromagnetic generator, hydraulic rectifies in the form of a check valve and

accumulator (Figure 6).

4. Simulation Results and Discussions

According to the requirements of QC/T 491-1999 the national standard one car
damper size series and follow the technical conditions, as a hydraulic cylinder

with the bore diameter, is used 50 mm as the test object of the prototype as
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Figure 5. Signal incentive.
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Figure 6. Energy harvesting block diagram.

shown in above Figure 3. According to Equation (2), we get the force rate ratio
of 1.09, as shown in Figure 7. The test conditions of the piston velocity 0.52 m/s
obtained according to Equation (3) and result, as shown in Figure 8.

The maximum shaft speed at 1.67 Hz is 5284.37 rev/min. In the following di-
agram, we have compared the shaft speed at different frequency are 0.33 Hz, 0.67
Hz, 1 Hz, 1.33 Hz, and 1.67 Hz (Figure 9).

The maximum shaft speed 5284.37 rev/min gets at 1.67 Hz. Apply the same
test parameters in the simulation computing of the energy-regenerative absorber
active control model. The result reveals that although the total liquid flow in
compression stroke is more significant than that in extension stroke (Figure 10).

Where Vp is the velocity of the piston, and D is the piston diameter. So the
pump displacements of the hydraulic motor are 8 cc and 8.2 cc, and the typical
speed is 8000 rev/min. The total liquid flow rate of the hydraulic motor can be
calculated according to Equation (5).

The result shows that the total liquid flow in compression stroke is larger than

that in extension stroke. The energy-regenerative characteristic of HESA is
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Figure 7. Piston moving body force rate.
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Figure 8. Velocity curves of moving piston body.
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Figure 9. Hydraulic motor shaft speed at different frequency.
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greatly influenced by the hydraulic rectifier. Firstly, when pressure drops of the
check valve in the hydraulic rectifier dissipate the energy of the system. Second-
ly, the hydraulic rectifier’s efficiency decrease with the increase in excitation
frequency, due to delay in the time of opening and closing of the check valves,
which ultimately leads to a reduction in energy recovery efficiency.

By measuring the damping force on piston (Figure 11), we can see that when
compression resistance point A is corresponding to that before the control, with
the active control over generator load, the hump drag in extension resistance
point B is over 3900 N, which is far greater than before the control. The damping

force in hydraulic electromagnetic energy regenerative absorber meets the

Flow rate at port 1 [L/min]

8000 T

e | || | | | e
o\ NN A R TR

5000 - 1

4000 H i

[L/min]

3000 1

2000 S ﬁ ;
1000 |
0 1 1 1

0 1 2 3 4 5

Time [sec]

Figure 10. Liquid flow curve passing through hydraulic motor.
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-3000 -

-4000 I I I I I
0 0.5 1 1.5 2 25 3 35 4 4.5 5
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Figure 11. Absorb damping curve.
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requirements of the standard QC/T 545-1999.

For conventional and non-accumulating HESA, the damping force gradually
changes with the damping movement to reach a maximum value at maximum
displacement and then gradually decreases. The maximum damping force only
occurs for a short period, in combination with the maximum absorption speed
and accumulators play an essential role in energy conservation in HESA.

The damping coefficient of the advanced hydraulic regenerative shock absor-
ber is not more efficient than the damping coefficient of the traditional conven-
tional system at a different frequency, as shown in Figure 12 and Figure 13. The
characteristics of ride performance and energy-recovery of the hydraulic-electricity
energy regenerative suspension unit were analyzed to compromise between the
energy-recovery and dynamic performances. The simulation results show that the
accumulator has a more significant influence on the damping force in both the
stretching stroke and the restoring stroke, which is the slow rise of the damping
force caused by the accumulator energy storage time in the first half of the com-
pression stroke. In the second half of the recovery stroke, the impact of the force
caused by the end of the accumulator pressure release, and the impact of the
force is more obvious when the excitation speed is smaller (Figure 14).

However, the vibration takes place is larger when the load excess of the rege-
nerative energy suspension with the very of time, and this is caused due to the lag
effect which is brought by the filter action of the energy accumulator in the ener-
gy-regenerative absorber. The simulation results show that under the step response

stimulus, the hydraulic electromagnetic energy-regenerative suspension has a
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0.05 T x

T T T
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Figure 12. Damping coefficient of traditional conventional system.
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Figure 13. Damping coefficient of hydraulic regenerative shock absorber at different fre-

quency.
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Figure 14. Damping coefficient of hydraulic regenerative shock absorber at different dis-
placement of motor.

stronger ability to reduce the vibration in the body than the traditional suspen-
sion, which has the potential of enhanced driving comfort. On the other hand,

accumulator plays a vital role in energy conservation in HESA, the effect of ac-
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cumulators arises in maintaining the maximum damping force for most of the
oscillation time and minimizing the pressure fluctuations to ensure the stability

of the hydraulic motor rotation.

5. Conclusion

The damping force of the hydraulic electromagnetic energy regenerative absor-
ber meets the standard requirements of QC/T 545-1999. This paper proposes a
design of an advanced energy regenerative absorber structure and expounds its
working principles. An effective simulation modeling way based on AMESim for
hydraulic suspension control has been presented in this paper. Simulation with
AMESim avoids cumbersome traditional modeling method. The efficiency of sus-
pension simulation modeling for vehicle chassis dynamics system is enhanced.
The advanced hydraulic electromagnetic shock absorber is more efficient and re-
liable than the convention suspension and other suspension systems. The damping
characteristic of HESA meets the requirements so that the traditional shock ab-
sorbers can be replaced by HESA to some extent. The generator can rotate un-
idirectionally and stably, which can extend the life of the generator and can im-
prove energy recovery efficiency. The compression resistance force in advanced
hydraulic regenerative shock system is always greater than the recovery resis-

tance.
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