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Abstract: This paper presents a new kind of shock absorber, hydraulic elemgrogtic energy-regenerative shock absorber (HESA),
which can recover energy from vibration of vehicles. The road excitdtequency, load resistance and damping ratio are found to
greatly affect the energy recovery of HESA. Based on a quartaniodel, the optimal load resistance and damping ratio for maximizing
the energy-recyclable power are discussed. The results indicateothatyf excitation frequency, the energy-recyclable power first
increases then decreases with the load resistance increase, and thed loptihresistance is changeable as the excitation frequency
changes. Moreover, the energy-recyclable power is more sertsiaxeitation frequency than to damping ratio, and the ideal excitation
frequency for energy recovery is around the wheel resonaguémcy. The exploration of active control of HESA confirms that the
damping force varies with the load current magnitude, and the actiteotean be realized by appropriate matching.

Keywords: HESA, Optimal Algorithm, energy-recyclable power, optimal load reststaoptimal damping ratio.

1 Introduction the motor changes rotation direction twice in each
vibration cycle and this phenomenon seriously affects the
Energy harvest from the suspension has been studied fcg:,]g;gf;er%%gcgr/yrg;g?:ﬁsy_oéJgiggggg :ﬁdvglggte%s; he
many years, and there are two coOmmon types of energyqgenerative shock absorber based on rack and pinion
recovery shock absorbers: linear design and rotary des,'grfnechanism, and the program was proved to be feasible by
Okada and Haradal] proposed an electromagnetic i simylation and test results. This design made great
energy regeneration system using a linear motor as a'Brogress by adding a mechanical rectifier mechanism, and
actuator, and the project was confirmed by a S'mplethe motor would not change its rotation direction with the
experimental apparatus. Sudd] [developed a hybrid o)y of mechanical rectifier mechanism. However, this
suspension system, in wh|ch_a I||jear DC generator wa rogram has its drawbacks. Firstly, the frequency-limit of
used to harvest energy from vibration. However, the linear e mechanical rectifier mechanism needs to be concerned
motor is generally very expensive, and its efficiency wasye .5 se the vehicle was often subjected to high-frequency
much lower than the rotary one’s as Gupta repor@d [ oy citation. Secondly, the backlash would seriously affect
And thus rotary design has attracted more and mOr§yq rejiahility and durability of the system, as gear cracks

attention due to its better application potential. Sulla [ o\ en teeth broken may happen due to serious road impact.
developed an energy recovery shock absorber using D(?

motor and ball screw mechanism, and the performance of In addition, the active control of suspension based on
the trial electromagnetic damper was examined througtenergy-regenerative shock absorber is also a hot topic.
numerical simulation and road test by passenger caBuda [] developed the active control electromagnetic
equipped with the proposed damper. Bliglso built their ~ suspension, and demonstrated the vibration isolation and
energy recovery shock absorber using the same methodegeneration on the vibration tests. From simulation,
and the feasibility of vibration energy regeneration wasHuang and Yu §] concluded that electromagnetic active
confirmed by the bench test while the damping suspension based on model predictive controller could
performance was poor for high-frequency excitation. Theobtain better ride comfort than linear optimal control
major obstacle to the application of the program is that,could. Recently, the authors developed another rotary
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design-hydraulic transmissiof,[L0,11], which based on

hydraulic rectifier mechanism, hydraulic motor and

generator. Compared with mechanical program, hydraulic

rectifier mechanism has higher efficiency and hydraulic

transmission program has better reliability and durapbilit

although the program has its shortcomings. In this paper

the working principle of the energy recovery program and

its test bench are described briefly, and then the optima

energy recovery of HESA is analyzed amply based on thésnear movement

discussion. Furthermore, the active control explorat®n i

also carried out in order to confirm the feasibility of

HESA. Fig. 1. The energy-regenerative program and schematic of
Prior to this study, it's also important to clarify how HESA.

much energy is dissipated by the shock absorber when the

car is being driven. Segellf] analyzed the suspension

system and found that a vehicle with four shock absorbers

would dissipate about 20Watts with a speed of 13.4 cylinder are integrated into the HESA, and the prototype

m/s. Browne [L3] tested the energy dissipated by four of HESA is tentatively manufactured accordingly. And

shock absorbers of a vehicle and found that thethe test bench shown in Figure 3 is also built in

energy-dissipated power was about 40v&dts. Zuo [14] accordance with the standard of QC/T 545-1999],[

proposed an energy dissipation formula and calculated th®uring the test, necessary measures should be taken to

suspension system would dissipate 100-4@€ts in B-C ensure the obtained data reasonable, since oil leaking

check valve
fluctuation

hydraulic generator

class road with a speed of 1@h/h. from connecting pipes or components, and air or
entrapped gas in hydraulic circuit may affect the results of
the test.

2 Thedesign of HESA

2.1 The schematic of HESA

Accumulator 2 Hydraulic rectifier Hydraulic cylinder Force sensor

The energy-regenerative program and its schematic ar - ) e
shown in Figure 1. It can be seen that HESA is composec '—dl ’a-.a_—.
of hydraulic cylinder, hydraulic rectifier, accumulators, | = e ® o

hydraulic motor, generator, pipelines and so on. Its
working process is as follows: the piston of the hydraulic
cylinder is driven to reciprocate under external stimulus, Fig. 2: Exploded view of HESA.
the oil flows into and out of the hydraulic rectifier from
the specified export in the compression stroke or
extension stroke, and then the oil flows through the
accumulator for weakening fluctuations, which drives the
hydraulic motor to generate electricity. The electric
energy can charge a battery or supply to the vehicle
directly [11].

From Figure 1, it is also noticed that there are two
accumulators fixed on both sides of the hydraulic motor.
Accumulator 1 is used to stabilize the flow to improve the
working efficiency of the hydraulic motor, and the
function of accumulator 2 is to prevent high-frequency
distortion of the shock absorber, which consists with the
principle that filling the gas chamber of the twin-tube
shock absorber with suitable-pressure gas. This design is
helpful to make this scheme more practicable.

2.2 Trial-manufacture of HESA
Fig. 3: Digital image for the test bench of HESA prototype.

The exploded view of our HESA model is shown in
Figure 2. Accumulator 2, hydraulic rectifier and hydraulic
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3 Optimal energy recovery analysis of HESA wherebz = ”‘5@6#.

Assumingce is the equivalent damping coefficient due
The goal of optimal analysis of HESA is to recover to the electronic load, and; is the equivalent damping
energy as much as possible. For example, it should beoefficient of the hydraulic rectifier, the hydraulic motor,
installed in the rear suspension of commercial vehiclespipes and so on. The total damping of the system is given
when the requirements of ride are not so serious. Besideby
that, if the real road excitation is random in frequency and Ceqg = Cc+Ce (7

amplitude, it would .be hard to clarify the influence pf_ Equation 6) shows the energy-dissipative power by
frequency and amplitude on the energy recovery, so it isjamping. The recyclable power i Pye, and the part
assumed in this section that the tire is subjected to., . L N

<P, Is the inevitable loss. In the circuit, the energy

harmonic excitations. Under this assumption, thece @ ) i }
recyclable energy is analyzed and the optimal conditionglissipated by internal resistance of the generator is also

are derived based on the analysis. inevitable, so the energy-recyclable power delivering to
the electrical load is given by
) o P = Riad &P ®)
3.1 Harmonic Force Excitation ¥ Rn+Road Ceq

Assuming the tire is subjected to force excitation, the Puring the process of oil flow driving the hydraulic
governing equations of the vibration energy recoverymOtor' the rotational speed and the torque can be written

system can be written as follows: as: Q
n= 7’7V (9)
My + Ceq(V2 — V1) + Ko (X2 —X1) = 0 1) q
~ ARgq
and T= o Nm (10)
May + Ceq(Va— V2) + Ko (X1 — X2) 2 respectively, wher€) is the volumetric flow rateq is the
tkoxt = F sin(ct) motor displacement,n, and nm are the volumetric

efficiency and the mechanical efficiency of the hydraulic

where m; and mp are the wheel mass and 1/4 vehicle motor respectively, and\P. is the pressure drop of the
body mass respectively; andk; are the tire stiffness and hydraulic motor.
suspension stiffness respectiveky, and x, are the tire As the generator drove by the motor, the back
displacement and body displacement with respect to theielectromotive force and torque is given by
equilibrium positions respectivelyy; and v, are the
correspondingly speed of tire and body respectivaly, Ve = kyw (11)
and ap are the correspondingly acceleration of tire and
body respectively, ceq is the equivalent damping T=J30+kl (12)
coefficient of HESAF is the maximum excitation force,
t is the time, andv is the excitation frequency.

So the steady-state response of the relative motio
between sprung mass and the unsprung mass would be:

respectively, wherd, and k; are the back electromotive
I{orce. coefficient and the torque constant respectively,
and 6 are the angular speed and acceleration of the rotor
respectively) is the inertia of the rotor, ands the current.

Xo — X1 = (Xo — X¢)sin(t — 6) 3) It is noted that the inductance and the inertia of the
rotor would not dissipate energy. In common with most
and previous investigationsl[/], inductance and the inertia of
mpw?F the rotor are ignored in this study, and the simplest form
Xo—X1= m (4) of electromechanical couplinde = | (Rin + Road) iS

assumed in the circuit. Therefore, we can get the pressure
whereb; = [mympw® + kiko — (myko + mpky +mpkp)w?]?,  drop of the motor from Equation$)to (12) as:

by = [ky — (Mg + M) w?)?w?. o K
The energy-dissipative power under harmonic force AP, = (7)2ﬂ7Ri Vklél Q (13)
excitation can be written ad §]: 4" NmKRin+Road

) Assuming the equivalent sectional area based on the

P Ceq (X — X )2 (5) pressure drop of the motor A5 we can get the equivalent
ey 2T damping forceF = AR:A, and the volumetric flow rate
Q = Av. Hence, the equivalent damping coefficient of the
Hence, the average power can be recast as: motor can be obtained as:
21A 5 kyki
Py — 2% (6) Ce= ()"~ oo (14)
(by + b2c,) q ° NmRin+ Road
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Table 1. Parameters of the quarter car.

Symbol  Valve Units

my 40 kg f— V2 g \/(:%_w (19)
my 350 kg am mmy

k 200 KN/m

k; 20 KN?m whereds = (% T %)_

F 1000 N

Cc 520 N/m/s

ky 0.07  volts/rad/s

ke 0.06  N/amp/m

q 5 cc/cycle

A 1963.5 mn?

Nv 0.88

i by ohm L

Energy Harvesting Power (W)

3.1.1 Optimal load resistance based on maximum energy
recovery

i

If substituting for the damping coefficiertt and ceq in Diviig Fresuericy (e 5l
Equation 8) from Equation {4) and Equation¥), and
dividing both the numerator and denominator Ryag,

Load Resistance (0}

the energy-recyclable power becomes as: Fig. 4. Energy-recyclable power at different excitation
bsbg frequencies and load resistance.
I:1"1:’;11’ = > dy (15)
(b1 +02CE)Rioad +d1 + g 2
where by - (B2 M kok,
d F?lz 2(biRn  + b2b4(2>cR12 +  bRncd),
do=Db -n+b2b4+2b2b4CcRin+b2CC e . I ’ I
From Equation 15 we can get the optimal load - bk LB H i
re:;istanceR,oo”atd for maximizing the energy-recyclable 5 [ AR 3| |
power is
bobZ + 2bpbaccR |
opt 2 214 204 in 16 5
oad \/Rer by + bpc2 (16) ‘E

By substituting the optimal load resistanB8%, to
Equation (5), the maximum energy-recyclable power
can be finally expressed as:

bsbs
Ra = : (17) %
2\/d1(bl + bzcc) =+ d2 citation frequency (Hz)

To vividly express the relationship between load
resistance and recyclable energy power, parameters of the Fig. 5: Contours of energy-recyclable power.
qguarter-car model are set as Table 1 lists.

Along with excitation frequency ranging from 0.3 to _ _ .
30 Hz, the dependence of energy-recyclable power on By substituting the parameters with the valug-:s in Table
excitation frequency and load resistance can be illustrate 1, We can gef; = 1.15Hzandf, = 11.8Hz If considering
in Figure 4. Figure 5 presents the corresponding contours€ dual-mass system as a whole, the undamped natural
in which the black dotted line represents the optimal loadiTeduency of the system would be:
resistanceR’, at different excitation frequencies. There

are two undamped natural frequencies of the dual-mass fg = 1/ k- (20)
system: 2y m+nmp
b Q dot 2 4k ko (18) The optimal load resistance shown in Figure 5 proves
=g\ ™8 5 mm that the optimal load resistance reaches the extreme value
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Table 2. Maximum energy-recyclable power at the natural |55q Rloopatd=13 ohm in order to ensure the ride comfort.

excitation frequencies. Figure 6 shows the energy-recyclable power at different
Excitation Optimal load Maximum energy- excitation frequencies and damping ratios, and Figure 7
frequenciesfiz  resistancehm _recyclable powewatts shows the corresponding contours. According to Figures
f1=118 58.37 232 6 and 7, it's obvious that there leaves little energy to be
fo=1.15 58.37 <1

recovered when the excitation frequency is lower than 3
Hz. And when the excitation frequency is higher than 18

Hz, we can design larger damping ratio because it’s better
for both the driving safety and energy harvest.

f3 =3.60 1.23 63

when excitation frequencies are the natural frequencies.

Table 2 shows the values of the maximum
energy-recyclable power at the natural excitation
frequencies. Through numerical simulations and basic
experiments, Suda and Shiib&a7] concluded that the 2B
harvest energy would drop as the load resistance
decreased, while Okada and Haratfedrew a conclusion
that harvest energy would rise as the resistance decreasi g ' o
in high excitation frequency range. From Figs. 3 and 4 we £ i

can get that the maximum energy-recyclable powerf;» o
appears only when the load resistance is the optimal loais
resistance. It means that for any excitation frequency, the =™
energy-recyclable power first increases and ther
decreases as the load resistance increases gradually, a
the optimal load resistance is the critical value. Stepher .. ., ¢y oo
[16] claimed that the maximum powe( ’\(‘)Sd) was

delivered to the load resistance when its resistance is

equal to the sum of the coil internal resistari&®,) and  Fig. 6: Energy-recyclable power at different excitation
the electrical analogue of the mechanical dampingfrequencies and damping ratios.

coefficient(%), which could be expressed as follows:

kuki

Cc

Pawer (Wi
I~
=
=}

C s

g

Damping Radio

’\(l)gd = Rin+ (21)

By substituting the parameters with the values in  °®

Table 1, we can gelRi'\ég‘d = 58.370hm in Equation 21). 0.65
Only when the excitation frequency i§ or fy, the 05

maximum power is delivered to the load resistance. In 4
other frequencies, the maximum power delivered to the

. . 0.4
load resistance is lower tha'S, .

0.35

Damping radio

0.3

3.1.2 Optimal damping ratio based on the maximum 025~
energy-recyclable power 02f-

015

As to maximum energy-recyclable power, it's easier to ‘
analyze it by load resistance than by damping ratio of the " © 6 - ﬁe;lmy iy % 30
suspension. But to the ride comfort, it's more convenient

to evaluate it by damping ratio than by load resistance.
Equations 7) and (L4) we can get the damping ratio

Fig. 7: Contours of energy-recyclable power.

b

_ Cot Rn+é<|oad (22) What's more, from Figures (4-7), it's clear that: (1)
2/ komy the maximum energy-recyclable power appears when the

damping ratio is 0.193 (good ride comfort) and the

If the damping ratio meet§[0.1,0.5], from Equation  excitation frequency isf; (wheel resonant); (2) the
(22) we can get that the electrical load would be energy-recyclable power is more sensitive to excitation

Riad € [13,32590hm. Hence, when the optimal load frequency than to damping ratio. So this
resistanceRf’(ff,fId <13 0hm, we define the optimal electrical energy-regenerative scheme is more suitable for the car

© 2013 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

2212 NS 2 Z.Fang etal : An Optimal Algorithm for Energy Recovery...

often subjected to an excitation frequency close to thelable 3: Stable motor speed and damping force at different

wheel resonant frequency. current values.
Current  Rotational speed Maximum Damping
Jamp /rev/min forceN
3.2 Motion excitation 0 2820 [-2000,2000]
5 2510 [-3600, 3500]
Assuming the tire is subjected to harmonic displacement 10 2260 [-5800, 5700]
excitation, the dynamic equations can be written as: 20 1900 [-8800, 8500]

Mpap + Ceq(V2 — V1) +Ko(Xo —X1) =0 (23)

and . .
Compared with theoretical average speed, the average
May + Ceq(V1—V2) +Ka(X1 — X2) (24)  speed we get from the experiment is about 282¢min,
+ki(xg — Xosinwt) =0 and the 24% deviation is acceptable.
whereX, is the maximum excitation amplitude. By adjusting the electric load, the current can be

power,Phar: Meets there is a break during the decreasing process of the
rotational speed. That is to say, the speed drops suddenly

Phar1 _ (@)2 (25) and then returns to the stable speed quickly as shown in

Phar F Figure 9. The reason of this phenomenon is that, when the

current is changed to amp in a short time, the oll
pressure rises rapidly and accumulator 1 absorbs some oil
accordingly, which results in the reduction of oil flowing
rough the hydraulic motor and the decline of the
rotational speed of the motor. When accumulator 1
reaches its equilibrium position, the rotational speed als
reaches the balanced range. Along with this, the damping

: : force increases as the pressure rises, and it is in the range
4 Active Control Exploration of HESA of [—-36003500N as shown in Figure 10. From Figure

Schematic of the test bench is shown in Figure 1, and the-0: it iS also noticed that there is a break during the
generator is connected to electric load. The test bench {§@mping force changed its direction. That is because the
executed on HESA according to the standard of QC/Tmounting clearance between the HESA prototype and the
545-1999, and the excitation frequency and amplitude id€St bench isn't eliminated completely, and we can even
1.667Hz and 50mm respectively in accordance with the N€ar the impact sound in high frequency excitation.
standard. For the HESA trial prototype, the diameter of ~ The current drops from 5 to @mp some time later,
the inner chamber and piston rod is 50 and@én  and a speed break of the motor comes out again. The
respectively, and the working volume of hydraulic motor SPeed of the motor increases sharply to the stable rotate
is 11.0cc/rev. speed around 282@v/min, and the damping force also
By regulating the electric load to make the current "eturns to its initial range. This phenomenon is believed to
zero in the circuit as shown in Figure 7, we can get that'€Sult from pressure drop of the system, since
the rotational speed of the motor is about282@/min, accumulator 1 would release some oil lubricating the
and the damping force i§ e [-20002000N. Using motor during the process. When the current rises to 10 or
theoretical calculations, it can be determined whether the20 @amp suddenly, a break of the rotational speed appears

speed of the motor is reasonable or not. Within one cycle@dain, and the break becomes more prominent if the
the total flow of the hydraulic cylinder is: current value changes more greatly. Table 3 shows the

stable motor speed and the damping force at different
V= 1007'[502+ 1007T(502 _207)=03613  (26) current values. We can get from the test that the damping
4 force can be changed by adjusting the circuit current,

where the parametels, Xg andk; are all constant. It is
obvious that the tire subjected to harmonic displacemen
excitation has the same characteristic as subjected t
harmonic force excitation. Hence, we omit the analysis on
harmonic displacement excitation.

and the corresponding volume flow is: which means the active control of HESA can be achieved
_ by adjusting the circuit current.
Q=V x166/MHz=236.13L/min (27) Actually, the control of the damping force of HESA is

influenced by many factors, such as the size of hydraulic
cylinder and accumulator 1, pre-load of accumulator 1,
parameters of the rectifier and so on, so some more work
need to be done to achieve active suspension based on
HESA. Firstly, hydraulic cylinder, accumulator 1 and
hydraulic rectifier must match with reference vehicle.

The volumetric efficiency is approximate to 0.88 when
the rotate-speed ranges from 2500 to 3080 min. So we
can get the average speed of motor:

Q

No
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700 5 Conclusions

w00 | otegE ) —

i : _ B This work presents one kind of HESA, and optimal

SO energy recovery analysis and active control of HESA are

carried out based on a quarter-car model combined with

b m——— : I simulation results. Based on the discussion above, the

200 [ l L following conclusions can be drawn:

- foy | v 3 Ml B (1) For any excitaton frequency, the

f e A —T ir energy-recyclable power first increases and then

0 S0 100 150 200 250 300 350 400 450 500 decreases as the load resistance increases gradually, and
Time (s) the optimal load resistance is changeable as the excitation
frequency changes;

Fig. 8: Voltage and power at different current (2) The energy-recyclable power is more sensitive to
excitation frequency than to damping ratio, and the
requirements of ride comfort and safety can be met by
changing the damping ratio properly without reducing
energy-recyclable power obviously;

(3) The wheel resonant frequency is the ideal
-~ ST ¥ excitation frequency for suspension energy recovery
system;
' (4) The feasibility of active control of HESA is
confirmed by the experiments, although there still need
much further study.

g 8

b
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