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Abstract: To improve the energy recovery ability of the energy-regenerative suspension, a transmis-
sion is generally used to increase the motor speed, but this results in a significant increase in the
equivalent inertial mass of the suspension. The research on energy-regenerative suspension has
been ongoing for more than 20 years, but there have been few product applications, mainly due to
the failure to solve the problem of the deterioration of suspension performance caused by equiva-
lent inertial mass. This paper proposes a new suspension configuration with the suspension shock
absorber connected to a high-frequency vibration reduction structure and establishes a vibration
transmission model. Through frequency domain analysis, it has been conclusively proven that the
new-configuration can significantly reduce both the sprung mass acceleration and relative dynamic
load of the energy regenerative suspension. On the basis of frequency domain analysis, a scheme
based on PWM control of the dissipation resistance value of the energy regenerative suspension is
proposed, and through bench comparison experiments, it has been verified that the new-configuration
suspension can eliminate the oscillation of the damping force curve of the shock absorber and sig-
nificantly improve the suspension performance. Further experiments show that using the skyhook
semi-active control algorithm the new-configuration suspension can further reduce the sprung mass
acceleration and relative dynamic load.

Keywords: inertial force; regenerative suspension; semi-active control; suspension configuration

1. Introduction

With the advancement of new-energy vehicle technology, the pursuit of enhanced
energy utilization efficiency has led to a growing focus on regenerative suspensions capable
of energy recovery. Karnopp [1] proposed the working principle of a linear regenerative
damper in 1989, which uses the vertical displacement of the damper to drive the coil to cut
the magnetic induction line, generating electrical energy under the action of electromagnetic
induction. In 2004, BOSE Company successfully developed a linear-motor-based regen-
erative suspension [2]. When working in the energy feedback state, the electromagnetic
damping force can be adjusted to adapt to different road conditions. During acceleration,
braking, or steering processes, the body can be controlled for anti-pitch and anti-roll. In
terms of energy recovery research on regenerative suspension, X. Zheng et al. [3] pro-
posed a regenerative shock absorber based on ball-screw transmission, which can achieve
switching between two modes. Q. Xiong [4] proposed a rule-based control strategy for a
mechanical motion-rectifier regenerative damper, which improved performance by 29.2%
compared to traditional dampers and achieved an average power of 187 W. Z. Gao [5]
analyzed the process of energy flow transmission, dissipation, and recovery within the
suspension system, and studied the energy flow mechanisms of different control strategies
for suspension. The proposed control strategy combines ride comfort and energy recovery
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efficiency and has obvious advantages over traditional control strategies. The system
energy consumption is reduced by at least 14.51%, and an additional 2.45% of energy is
recovered. X. Tang et al. [6] from New York University conducted relevant research on
linear-motor-type regenerative dampers and manufactured a 1:2 scaled prototype based on
a theoretical model. The experimental results showed that the system can achieve a feed
power of 16-64 W under the excitation of the root mean square velocity of 0.25-0.5 m/s.
The linear shock absorber developed by Lee J et al. [7] has a maximum power and an
average power of 250 W and 100 W, respectively. The regenerative suspension proposed by
S. Li et al. [8] can recover energy from vehicle vibration for storage in batteries, increasing
efficiency by 35.24%, and the damping coefficient can also be accurately adjusted in real
time. Y. Hua et al. [9] developed a regenerative damper for high-speed trains, which uses
ball-screw transmission to achieve energy recovery of 25.89-153.19 W. Abdelkareem M. A.
A. et al.’s [10] research shows that a harvested average power of 350 W could be achieved
for a medium-size sedan, and a wide range of the harvestable power over 1 kW could be
achieved for heavy-duty and off-road vehicles.

However, equivalent inertial mass has a significant impact on suspension performance
and reliability [11] and has become a challenge for the commercialization of regenerative
suspension products. During the vertical reciprocating motion of the suspension, rotating
components with a moment of inertia generate inertial forces. If the rotational acceleration
is too large, rotating components will generate excessive impact torque, causing damage to
weaker components such as the transmission device and connecting shaft. On the other hand,
this part of the impact torque will have a very adverse impact on suspension performance.

The suspension motion is translational, and the inertial mass hinders the suspension
motion. The rotating parts of the transmission, motor, and other parts of the energy
regenerative suspension have the moment of inertia, which hinders the rotating movement
of the motor and other parts. For the convenience of research, the moment of inertia of the
rotating parts of the shock absorber is converted into the equivalent inertial mass of the
suspension translation. The greater the equivalent inertial mass is, the greater the inertial
force will be generated under the random excitation of the road surface, which will cause
the suspension performance to deteriorate.

Many scholars have recognized the adverse effects of equivalent inertial mass on
suspension. Z. Li et al. [12] developed a recoverable energy shock absorber, calculated
the equivalent inertial mass, and experimentally proved that the equivalent inertial mass
causes significant fluctuations in the damping force curve of the shock absorber. S. Liu [13]
and H. Peng [14] showed that equivalent inertial mass improves the performance of the
suspension in the low-frequency region, while it deteriorates in the high-frequency region.

To reduce the impact of equivalent inertial mass, the reciprocating motion of the
motor is generally converted into unidirectional motion. C. Yu et al. [15] optimized the
unidirectional rotation and asymmetric damping characteristics of the motor by combining
two unidirectional clutches and planetary gear mechanisms. Z. Wang et al. [16] developed
a double-screw rotary motor linear shock absorber with a one-way clutch. L. Hai [17]
developed a rotary-motor-type linear shock absorber with a dual tooth gear rack and a one-
way clutch. L. Dong [18] developed a rotary-motor-type linear shock absorber with three
bevel gears and two one-way clutches. A one-way clutch can reduce the impact during
reversing, but it cannot solve the impact problem during acceleration or deceleration
in the same direction. For this reason, Z. Zhao et al. [19] proposed an added-vibration-
reduction structure (AVRS) between the wheel and the regenerative shock absorber, as
shown in Figure 1a, and research has shown that AVRS significantly reduces the impact
of equivalent inertial mass, making suspension performance close to ideal performance.
Montazeri et al. [20] proposed a scheme of regenerative shock absorber with series spring,
as shown in Figure 1b, and the study showed that the spring stiffness should be larger
than the suspension stiffness, and the spring in series makes the regenerative damper free
from equivalent inertial mass interference at high frequency, which is beneficial for the
performance improvement of the regenerative suspension. Chen Shian et al. [21] proposed
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a dual vibration reduction structure (DVRS) with an additional spring and damper in series
throughout the regenerative suspension to reduce the effect of equivalent inertial mass, as
shown in Figure 1c.

Figure 1. (a) Added vibration reduction structure (AVRS); (b) series spring vibration reduction
structure; (c) dual vibration reduction structure (DVRS).

We have reviewed the measures taken to improve the performance of traditional
suspensions and compared them with the measures taken to improve the performance
of energy regenerative suspensions. We found that the commonality is to improve the
high-frequency performance of suspensions. In the 1950s, in order to solve the problem
of delayed oil filling of shock absorbers, pneumatic hydraulic shock absorbers [22,23]
were developed, such as the monotube pneumatic shock absorber with its cylinder filled
with nitrogen [24], which helps to eliminate idle travel, prevent oil emulsification, avoid
distortion of the damping characteristics, effectively eliminate high-frequency vibration
and noise, improve the grounding of tires, and improve the comfort of the ride [25]. The
air chamber in series with the damping valve in the inflatable hydraulic damper acts as a
low-pass filter.

In order to improve the suspension performance, some studies have proposed the
structure of a conventional suspension damper with series springs. Mikutowski G et al. [26]
and Martini A et al. [27] connected the damper in series with oil and gas springs to reduce
the dynamic wheel loads and keep the comfort of the vehicle unchanged. Chen Jie et al. [28]
improved the vibration absorber of the vehicle body by connecting the shock absorber
in the original vibration absorber with the spring in series, forming a ternary vibration
absorber composed of two springs and one shock absorber. Much research has shown
that the new structure reduces the root mean square value of the vehicle body vibration
acceleration and effectively reduces the elastic vibration of the vehicle body.

To solve the problem of excessive inertial force in the high-frequency region of the
energy-regenerative suspension, this paper proposes a high-frequency vibration reduc-
tion structure (HVRS) scheme that connects the shock absorber and unsprung mass in
series. Through the low-pass filtering effect of the elastic components in the HVRS, the
energy-regenerative shock absorber aims to enhance its strengths and avoid its weaknesses,
meeting the demand for large damping in the low-frequency region. At the same time, it
reduces the adverse effects of inertial and damping forces in the high-frequency region on
the root mean square value of sprung mass acceleration.

This paper establishes a dynamic model of the original configuration of energy-
regenerative suspension and analyzes the adverse effect of equivalent inertial mass on
suspension characteristics. To solve the problem caused by equivalent inertial mass, a
scheme of connecting the HVRS with the energy regenerative shock absorber is proposed.
Through frequency domain comparative analysis, it is proved that the HVRS is beneficial
for reducing the acceleration of sprung mass and relative dynamic load, thereby improving
the driving comfort and handling of vehicles. To further verify the role of the HVRS,
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its implementation form is analyzed and applied to the improvement of existing energy
regenerative suspension. Through PWM control, the suspension controller can achieve
linear adjustment of the dissipation resistance value of the energy-regenerative suspension.
Through bench test comparison, it is proven that HVRS energy-regenerative suspension can
solve the problem of equivalent inertial mass. Further verification demonstrates that the
application of the skyhook control algorithm can further improve suspension performance.

2. The Structure and Working Principle of Energy-Regenerative Shock Absorbers

The structural principle of the energy-regenerative suspension damper used in this
article is shown in Figure 2a. The actuator consists of a gear rack, a box, a planetary reducer,
an electric motor, an upper mounting seat, a cylinder, a lower mounting seat, etc. The
prototype of the shock absorber is shown in Figure 2b.

B Rack and
0X pinion Lower

mounting seat

Planetary transmission

Rack and Lower

- . mounting seat ) ..
L — pinion ymder g Planetary transmission

mounting seat

Electric motor

a) (b)
Figure 2. (a) Structural principle of shock absorber; (b) shock absorber prototype.

In application, the energy-regenerative shock absorber in Figure 2 is connected in par-
allel with the steel coil spring to form an energy-regenerative suspension. The configuration
and working principle of the energy-regenerative suspension are shown in Figure 3. During
vehicle operation, the road surface stimulates the vertical movement of the wheels. The
vertical motion of the wheels is transmitted to the motor through the rack and pinion and
planetary transmission, which is dragged to convert the mechanical energy of suspension
vibration into electrical energy. The alternating current generated by the motor enters
the three-phase rectifier bridge through the three-phase windings ua, ub, and uc of the
motor, and becomes a direct current after rectification. The electrical energy of the motor
ultimately enters the energy-consuming or absorbing module. In the energy-consuming or
absorbing module, Dr and Dp are electronic switches, Rr is a resistor, Cr is the consuming
mode control line, and Cp is the absorbing mode control line.

The suspension controller can achieve two control modes of energy-regenerative
suspension, namely energy-consuming mode and energy-absorbing mode. In energy-
consuming mode, the suspension controller controls the electronic switch Dr to adjust the
power consumption of the resistor Rr, forming the electromagnetic force that hinders the
relative movement of the wheel and the sprung mass.

In energy-absorbing mode, the suspension controller controls the electronic switch
Dp to regulate the ability to absorb electrical energy, forming the electromagnetic force
that hinders the relative movement of the wheel and the sprung mass. The electrical
energy is stabilized within the range that the battery can charge through the voltage
stabilization module, and finally, the electrical energy is charged into the battery, achieving
the absorption of suspension vibration energy.
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Figure 3. The configuration of energy-regenerative suspension.

The symbols in the configuration are defined as follows: m; is sprung mass, 1, is
unsprung mass, 1, is equivalent inertial mass, ks is suspension spring stiffness, k;, is wheel
stiffness, cs is suspension damping coefficient, ¢, is wheel damping coefficient, z; is sprung
mass displacement, z,, is unsprung mass displacement, z, is road excitation displacement.

The moment of inertia | in a rotational inertial frame is similar to the inertial mass
m in a translational inertial frame, both of which hinder the motion of an object. Inertial
mass m hinders the translational motion of an object, while the moment of inertia | hinders
the rotational motion of an object. To facilitate the analysis of the performance of the
energy-regenerative suspension, it is necessary to convert the moment of inertia J in the
shock absorber into an inertial mass m. For a rotation radius of r, the moment of inertia
with uniform mass distribution is J, the relationship between the moment of inertia | and
the equivalent inertial mass m, in a translational inertial frame is Equation (1):

=]/r 1)

To better convert the mechanical energy of suspension vibration into electrical energy,
it is necessary to increase the speed of the motor as much as possible so that the electro-
magnetic damping force is sufficiently large. In order to improve the speed of the motor,
this study applies rack and pinion to convert the vertical motion of the wheel relative to
the sprung mass into rotational motion and further amplifies the rotational motion through
a planetary transmission. Although the growth rate has been achieved, the equivalent
inertial mass m;,, brought about by the energy regenerative suspension and during the
suspension motion process, will produce inertial force F,. The magnitude of inertial force
is related to the acceleration a, of the suspension motion, and the calculation formula is
shown in Equation (2). Therefore, the inertial force generated by the equivalent inertial
mass will have an impact on the motion of the wheel and the sprung mass.

F, = mya, ()

The parameters of the shock absorber are shown in Table 1. According to the parame-
ters in Table 1, the equivalent inertial mass of the actuator can be calculated as shown in
Equation (3).

my = (ifJm + i ]y + Jg) /5 = 58.8kg (3)
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Table 1. Parameters of rack and pinion shock absorber.

Parameter Symbol Value Unit
Motor rated power Py 1000 \
Rated torque of motor Tine 3.18 N-m
Motor speed Nme 3000 r/min
Motor moment of inertia Tm 0.000136 kg-m2
Rated torque of planetary transmission Tre 130 N-m
Rated speed of planetary transmission Nre 3000 r/min
Rotational inertia of planetary transmission  J; 0.00005 kg-m?
Planetary transmission ratio i 16

Gear indexing circle radius rg 0.0285 m
Gear rotational inertia Je 0.00013 kg~m2

3. Frequency Domain and the Time Domain Characteristics of Traditional
Configuration Energy Feedback Suspension
According to the traditional configuration, the dynamic equation of the suspension
system is obtained as shown in Equation (4).
{ ms.z'.'s :ks(zu _Zs)+cs(zu _2s)+mr(.z:u _%s) ‘ ' ) . (4)
myzy = ks(Zs - Zu) + ku(zr - Zu) + Cs(Zs - Zu) + Cu(zr - Zu) + mr(zs - Zu)

The static load of the wheels when the suspension system is balanced is Gj; the
dynamic load on the wheels during the suspension system movement is F;. By performing
Fourier transform on Equation (4), zs = (jw)zzs, Zs = jWZs, Zy = (ja))zzu, Zy = jwzy, the
amplitude-frequency characteristics of the sprung mass acceleration z;, relative dynamic
load F;/G;j, suspension dynamic deflection s;, and equivalent inertial mass acceleration
a, relative to the road excitation speed z, of the suspension can be obtained, as shown in
Equations (5)—(9).

[H(w)lz, e, = w‘ §§ 5)
|H(]'w)|(pd/cj)wzr = ﬁhwso - 28§WJ|‘ IZ (6)
HG s, = 5|5 )
|H(w) gz, = ié" (8)
|H(Gw)l g, = ‘);Zd )

Xz = AsuAy; Xz, = AsAy — Afu; XFd = AsAy — Afu — AsAy; Xsd = (Asu - As)Ar}

As =1 — (1+ uB)A? +2jEA; Ay = 1 — uBA? +2j¢A;

Ay =1+ — puA? — uPA? + 2§EA + 2jecA; Ay = 7 + 2jecA.

The ratio of the wheel damping coefficient to the suspension damping coefficient is
€ = ¢y /cs. The ratio of wheel stiffness coefficient to suspension stiffness coefficient v =k, /ks.
Unsprung mass to sprung mass ratio y = m, /ms. The equivalent inertial mass to unsprung
mass ratio § = m, /m,. Suspension damping ratio § = cs/2+v/ksms.

fso is the bias frequency of the sprung mass when the equivalent inertial mass is
zero: fso = (V'ks/ms)/2m. fss is the bias frequency of the sprung mass when considering
the equivalent inertial mass: fss = \/ks/(ms +m,)/(2m). fyo is the bias frequency of the
unsprung mass when considering the equivalent inertial mass: f,,0 = \/ (ks + ki) /m,, / (27).
fu is the bias frequency of the unsprung mass when considering the equivalent inertial mass:
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fu =/ (ks +ky)/(my +m,)/(27). is the frequency ratio; f is the excitation frequency of
the road input, A = f/ fs0.

The frequency domain characteristics of two suspension configurations are obtained.
The simulation parameters are shown in Table 2. Equations (5)—(9) are calculated to
obtain a comparison of the amplitude-frequency characteristics of the energy-regenerative
suspension and the suspension with an equivalent inertial mass of 0 kg, as shown in
Figure 4.

Table 2. Parameters of simulation.

Parameter Value Parameter Value
¢ 0.25 U 0.14
€ 0.043 0% 9
B 1.35
30 T T 5.0 T T 0.35 T T
— =0 4 —s-0 ' —Fi=0
ee=f=135 " 15Faaapf_135 ,'. q | ===8=135 ]
2% " 4 n . 2
" 40 n |
[} - f " 4
20k f:\‘ " :‘ ] \f 3.5 .s‘_| : :' 4
' = L | ' i
I 9 o 1
151 \ o ! B Koast | " B
\ [ 20 } ' g )
0k ! Ly B .
Y } h L5 A } A A B q
\ 5 t WS \ R
L i | L0 ‘\ " Y
5 o 1 . il A -: , \ | |
0 , ! , —-- 00 . I ,
0.1 1.0 10.0 100. 0 0.1 1.0 10.0 100.0 100.0
Frequency(Hz) Frequency(Hz) Frequency(Hz)
(a) (b) (c)

Figure 4. (a) Characteristics of sprung mass acceleration; (b) characteristics of relative dynamic load;
(c) characteristics of suspension dynamic deflection.

In Figure 4a—c, the frequency of the intersection of suspension characteristic curves
with different equivalent inertial masses on the right side of the first main frequency is
fsy- In Figure 4c, on the right side of the second main frequency of the suspension with
an inertia mass ratio of 1.35, the intersection frequency of its dynamic deflection and the
dynamic deflection of the suspension with an inertia mass ratio of 0 is fy.

From Figure 4a, it can be seen that when the excitation frequency is less than the
frequency fs,. The larger the equivalent inertial mass ratio, the smaller the acceleration
value of the sprung mass. When the excitation frequency is higher than the frequency
fsy, the larger the equivalent inertial mass ratio, the greater the acceleration value of the
spring-loaded mass. In the second frequency range, compared to the suspension without
equivalent inertial mass, the equivalent inertial mass causes a significant increase in the
acceleration of the sprung mass, which greatly affects the comfort of vehicle driving.

From Figure 4b, it can be seen that when the excitation frequency f is less than the
frequency fsy, the amplitude of the relative dynamic load decreases with the increase of the
equivalent inertial mass ratio. When the excitation frequency f is greater than the frequency
fsy, the larger the equivalent inertial mass ratio, the greater the relative dynamic load. In
the second frequency range, compared to the suspension without equivalent inertial mass,
the equivalent inertial mass causes a significant increase in relative dynamic load, which
greatly affects the vehicle’s handling stability.

From Figure 4c, it can be seen that when the excitation frequency f is less than the
frequency, the amplitude of the suspension dynamic deflection decreases with the increase
of the equivalent inertial mass ratio. When the excitation frequency f is greater than the
frequency but less than the frequency f,,, the equivalent inertial mass causes a significant
increase in relative dynamic deflection. When the excitation frequency f is greater than the
frequency fyy, the equivalent inertial mass reduces the relative dynamic deflection.
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From the above analysis, it can be seen that the main problem of energy-regenerative
suspension is how to reduce the adverse effects of equivalent inertial mass above the
frequency fs, band, and improve the driving comfort and handling stability of the vehicle.

4. The Improved Configuration of Energy Regenerative Suspension

4.1. Improved Two-Degree-of-Freedom Energy-Regenerative Suspension Mathematical Model
The improved energy-regenerative suspension is shown in Figure 5. The improved

suspension configuration adds a high-frequency vibration reduction structure (HVRS)

between the regenerative shock absorber and the wheel to reduce the impact of equivalent

inertial mass.

m QZS
S

Figure 5. Energy-regenerative suspension configuration with HVRS.

In Figure 5, my, represents the mass of the HVRS, kj, represents the stiffness coefficient
of the HVRS, ¢, represents the damping coefficient of the HVRS, and z;, represents the
displacement of the HVRS. The ratio of the HVRS damping coefficient to the wheel damping
coefficient is x = ch/cu; the ratio of HVRS stiffness to suspension stiffness is é = ky, /ks; the
ratio of HVRS mass to unsprung mass is ¢ = my, /m,,.

According to Figure 5, when the deformation s of the HVRS is less than its stroke Ly,
the HVRS takes effect. The dynamic equation of a suspension with an HVRS with two
degrees of freedom is established as Equation (10). When the deformation s of the HVRS is
greater than or equal to its stroke L, the HVRS is not effective. Assuming no impact occurs
when the HVRS is stretched or compressed to the end of its stroke, the new suspension
configuration has the same characteristics as the traditional suspension configuration, and
its suspension motion is shown in Equation (4).

mS%S =ks(zy —z5) + cs(z,? — Zs.) + mr(i;?.— is“) . .
mpZy = ky(zu — 2n) + cp(2u = 21) — mr(2p — 25) — ¢s(2p — 25) o (10)
myZy = ks(zs - Zu) +ku(zr - Zu) +kh(zh *Zu) + Cu(zr *Zu) + Ch(zh *Zu)

By performing the Fourier transform on Equation (10), the amplitude-frequency
characteristics of the sprung mass acceleration z;, relative dynamic load F;/G;, suspension
dynamic deflection s, shock absorber velocity vy, and HVRS shock absorber velocity vy,
equivalent inertial mass acceleration a;,, relative to the road excitation velocity z, can be
obtained, as shown in Equations (11)—(16).

Zs

zr

|Hp(jew) s, 5, = (11)

— ’ Xzsh
=wi
Zrh
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Hi(i) g, )7, | = ku(zr —(Z):ni;l;? —)| _ ’wso(“?cfio ;)zséwi) H};?: (12)

)y, = |52 13

|y (j0) |y i, = ‘))Z’j: (14)

), = 0|32 (15)

| Hy (jw) g, ~z, = ’}}ZZ (16)

Xagy = AmrAnp + AprApaAua, Xz, = AupAsaAny — AupAnaAsh — Anp — AnaAua —
AncAsp — ApcAsaAua,

Xr,, = Xon — A AsaApy + AprAngAsp, Xsy = Apr(App + ApaAua) — Apr(AsaAppy —
AhaAsb)'

Xvsh = Ahr(Ahb + AhaAua) - Ahr(AsaAua + Asb)/ Xz;;,u = Ahr(Asb + AsaAuu)—
Ahr(ASHAhb - AhaAsb)-

Asa =1 (14 pP)A2 + 28], Ayg = —ppA% + 26N, Ay = —uPA2/ 5 + 2601/ 5, Aua =
1+2xeCAj/é,

App =1 —cUA2/8 — uBA2/8 + 2EAj/ 6 4 2xeEAj/ 6, Ape = 6 + 2¢€Aj,

A =1+ 7+ 6 — uA? + 2eZAj + 2xe€Aj, Apy = v + 26CAj + 2xeAj.

When the suspension damping ratio ¢ is set to 0.25, the maximum amplitude of
the first dominant frequency in the amplitude-frequency characteristics of suspension
dynamic deflection is M. If the HVRS stroke is L, and the suspension stroke is Ls, then
the percentage of HVRS stroke is 1, = Lj,/Ls, and the maximum amplitude reached by the
HVRS is My, = M(Ly,/Ls). The probability of the HVRS working is P(H).

If the amplitude of the deformation displacement of the HVRS is set as S;, when
Sy < My, the HVRS is fully functional and the HVRS probability is 100%, which can be
obtained as Equation (17). When S, > M, the HVRS is not fully functional, and the
probability of the HVRS working is as shown in Equation (18).

P(H)=1 (S5 < My) (17)

P(H) = My/Sy (S, > My) (18)

The amplitude of sprung mass acceleration, relative dynamic load, dynamic deflection,
equivalent inertial mass acceleration at any frequency point on the suspension amplitude-
frequency characteristic curve is the sum of the amplitude with the HVRS multiplied by
probability and the amplitude without the HVRS multiplied by probability,

The amplitude of various parameters such as sprung mass acceleration, relative dy-
namic load, dynamic deflection, shock absorber speed, equivalent inertial mass acceleration,
and HVRS speed at any given frequency point on the suspension amplitude-frequency
characteristic curve, is determined by the weighted sum of two scenarios: one with the
influence of HVRS and the other without. The amplitudes in both cases are multiplied by
their respective probabilities, which combined, form the overall response at that frequency,
as shown in Equations (19)—(24).

|Hpx (j0) |5, .z, (1-P(H)) (19)

—w‘XZ

XZ‘
P(H —
( )“‘”x

Zy

rh
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. | wso(ywso + 2eCwj) Xry, XF, .
Hix (j0) (7, /Gty ‘ 0+ g X, P(H) + X., (1—P(H)) (20)
: _ l Xsdh l Xsd _
Hiatio)ls s, = o 52 P+ | 2| 0= PCan) @
. _ Xvsh Xsd
i), = |32 |PCH) + | 2 0= Po) @)
: Ush Xsd
Hin ) g, = 0| 22| () + 0| 2| 1 — P @)
: Zrh Zr
: thu
|Hpx G0y, oz, = |5 | P(H) (24)
hu erh

4.2. Frequency Domain Characteristics of the Electromechanical Suspension with an HVRS

The simulation parameters are shown in Tables 2 and 3. Equations (19)—(21) were
calculated to obtain the amplitude-frequency characteristic curve of the suspension with
an HVRS and compared with the characteristic curve of the traditional energy feedback
suspension. The results are shown in Figure 6.

Table 3. Simulation parameters of HVRS suspension.

Parameter Value Parameter Value
M 0.35 m 0.1
5 15 X 5
c 0.006
20 5 T T 0.35 — T T
— =0 ' l‘J‘L 1 —F=0 :.fmu s=0 :
- e =135 wi wmu = = = A=135 without HVRS === /=135 without HVRS
B =1.35 without HVRS " W " 0.30F =em g = . ) 4
95 L=+ = 5 135 with HVRS N Lo ] JL=r=# =135 with HvRs n | - = 1.35 with HVRS
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Figure 6. (a) Comparison of sprung mass acceleration amplitudes; (b) comparison of relative dynamic
load amplitudes; (c) comparison of dynamic deflection amplitudes.

According to Equations (2), (3) and (23), we obtain the amplitude-frequency character-
istic curve of the inertial force of the suspension with an HVRS and compare it with the
inertial force characteristic curve of the traditional energy feedback suspension. The results
are shown in Figure 7.

In Figure 6a—c, the first dominant frequency of suspension without an HVRS is fs,
and the second main frequency is f;;,. The first dominant frequency of suspension with an
HVRS is f,;s5, and the second main frequency is f,,,,s- The intersection points of frequency
domain characteristics between an HVRS suspension and a non-HVRS suspension, from
low frequency to high frequency, are fisy, fmuy, and fy,, respectively.
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Figure 7. Comparison of inertial force amplitudes.

From Figure 6a, it can be seen that when the excitation frequency is lower than the
frequency fsy, the sprung mass acceleration of the HVRS suspension slightly increases
compared to the original configuration suspension in the first main frequency range. When
the excitation frequency is higher than the frequency fy;s, but lower than the frequency
fmuy, the sprung mass acceleration of HVRS suspension is significantly reduced compared
to the original configuration suspension. When the excitation frequency is higher than the
frequency fuuy but lower than the frequency f,;,, the sprung mass acceleration of HVRS
suspension slightly increases compared to the original configuration suspension. When
the excitation frequency is higher than the frequency f,,, the sprung mass acceleration of
HVRS suspension is significantly reduced compared to the original configuration suspen-
sion. It can be seen that HVRS suspension can solve the problem of deteriorating sprung
mass acceleration caused by the equivalent inertial mass.

From Figure 6b, it can be seen that when the excitation frequency is lower than the
frequency fysy, the relative dynamic load of HVRS suspension slightly increases compared
to the original configuration suspension in the first main frequency range. When the
excitation frequency is higher than the frequency fy;s, but lower than the frequency fyy, the
relative dynamic load of HVRS suspension is significantly reduced compared to the original
configuration suspension. When the excitation frequency is higher than the frequency
fmuy but lower than the frequency f,,,, the relative dynamic load of the HVRS suspension
increases in the second main frequency range. When the excitation frequency is higher than
the frequency f,,;,,, the relative dynamic load of HVRS suspension is essentially the same
as the original configuration suspension. As for vehicle handling stability, the frequency of
relative dynamic loads that it focuses on is generally less than 10 Hz, it can be seen that
HVRS suspension can solve the problem of deteriorating vehicle handling stability caused
by equivalent inertial mass.

Based on the analysis of Figure 6, the first main frequency f,,s; of HVRS suspension is
essentially the same as that of the original configuration suspension, and the second main fre-
quency f,,,; of HVRS suspension is greater than that of the original configuration suspension.

From Figure 7, it can be seen that the inertial force generated by the equivalent inertial
mass of the energy regenerative suspension without an HVRS reaches its maximum at the
second main frequency. By comparing Figure 7 with Figure 6a,b, it can be seen that the trend
of inertial force variation of the energy regenerative suspension without an HVRS is the
same as that of the acceleration of the sprung mass and the relative dynamic load variation.
This is the reason why the acceleration of the sprung mass and the relative dynamic load
deteriorate in the second main frequency region of the traditional configuration of energy
regenerative suspension.

From Figure 7, it can be seen that the inertial force of the energy regenerative sus-
pension with an HVRS is significantly reduced in the second main frequency amplitude,
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indicating that the HVRS can act as a low-pass filter. The HVRS essentially does not change
the inertial force in the first main frequency range of the suspension but significantly re-
duces the inertial force in the second main frequency range, which can greatly improve
suspension performance.

5. The Verification of HVRS Suspension Characteristics
5.1. Damping Force and Control of Energy-Regenerative Shock Absorber

There are two schemes for the damping control of energy-regenerative suspension.
One is to adjust the damping coefficient by controlling the values of different dissipation
resistances; the vibration energy of the suspension is ultimately dissipated through the heat
generated by the resistance. The second is to adjust the damping coefficient by controlling
the value of the recovered electrical energy, but the adjustment effect of the damping
coefficient is related to the state of energy storage devices such as supercapacitors and
batteries, and there are unstable factors. In order to study more accurately the beneficial
effects of the new configuration on the energy feedback suspension, this paper adopts the
scheme of controlling the dissipation resistance to achieve damping coefficient adjustment.

The damping control principle of the energy-regenerative shock absorber is shown
in Figure 8. This paper adopts the mode of controlling electrical energy dissipation to
control the load resistance R,, thereby achieving the adjustment of damping force. The
suspension controller sends a PWM control signal to the electronic switch Dr through the
control line Cr, and the duty cycle of the PWM signal determines the conduction time of the
load resistance R,. The duty cycle of PWM is set to d,,, and the value range of du is from
0% to 100%. When d,, = 0%, the load circuit of the energy feedback damper is equivalent
to being disconnected, and the dissipation resistance R; is infinite. When d;, = 100%, the
dissipation resistance of the energy regenerative damper is R,. Therefore, the calculation
formula for the dissipation resistance value R; of the shock absorber under PWM control is
Equation (25).

Ry =R,/d, dy € (0,1] (25)

Three-phase rectifier bridge

Ru Dr
I TIT e
AC (\) ua g‘—
B — Cr
R r
1

ub
u } uc

L,
25 1
Rv

Figure 8. Damping control principle of energy-regenerative shock absorber.

According to paper [12,29,30], the damping coefficient of the energy-regenerative
damper can be obtained as Equation (26), where k, is the back electromotive voltage
constant, k; is the torque constant, and R, is the internal resistance of the motor.

30kck;i?
€5 = —5— T 26
’ 7T”gf(Rd + Rm) (26)

Using the parameters in Table 4, according to Equations (25) and (26), the variation
curve of the dissipation resistance when the PWM duty cycle changes is shown in Figure 9a,
and the variation curve of the suspension damping coefficient is shown in Figure 9b.
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Table 4. Parameters of shock absorber.

Parameter Symbol Value Unit

The back electromotive voltage constant ke 0.057 V/(r/min)
The torque constant k¢ 0.454 N-m/A
The internal resistance of the motor Ry 1.1 @)

The load resistance R, 20 Q
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3500
1500 1 Bl 3000

2500

Ry (©)
¢s (N-s/m)

1000 - 2000

1500

500 [~ B 1000

500

0 . L 0
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) (%)
(@) (b)

Figure 9. (a) The variation curve of dissipation resistance; (b) the variation curve of the suspension
damping coefficient.

From Figure 9a, it can be seen that the PWM duty cycle d,, can adjust the dissipation
resistance of the shock absorber, which is the basis for achieving semi-active suspension
control. The variation of dissipation resistance is not linear with the variation of the PWM
duty cycle. When the duty cycle is less than 20%, a small change in the duty cycle will
cause a significant change in the dissipation resistance value.

From Figure 9b, it can be seen that the PWM duty cycle can adjust the damping
coefficient of the suspension, and it essentially changes linearly, which is very beneficial
for the control of the semi-active suspension. By adjusting the PWM duty cycle d,,, the
damping coefficient can be quickly adjusted to the desired value.

5.2. Shock Absorber Structure with HVRS

To verify whether the suspension can overcome the adverse effects of equivalent
inertial mass after adding an HVRS, an HVRS is added to the original shock absorber
structure, as shown in Figure 10a. The HVRS is set between the planetary gearbox and
the motor, with minimal structural changes to the original shock absorber, which is most
conducive to implementation. On the other hand, due to the amplification effect of the
transmission, the stiffness and damping of the HVRS are equivalent to the values in
the suspension.

Flat key

Electric motor HVRS Driven shaft }=—-/_~ Buffer block
el N
Planetary transmission ’?\\g’,}/}’\
Box Rack and Lower / \\\ > :;;’. )’///

%
_— pinion Cylinder mounting seat & 7
=
—

(ﬁ [T | f)
Buffer block

(a) (b)

Figure 10. (a) Shock absorber structure with an HVRS; (b) the structure of the HVRS.
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The structure of the HVRS is shown in Figure 10b; it is mainly composed of a drive
shaft, a buffer block, a driven shaft, and a flat key. The driven shaft is connected to the
motor rotor through a flat key; the driving shaft is connected to the transmission output
shaft through splines. The material for the buffer block is wet-process rubber, which allows
to achieve the elastic deformation and energy absorption functions of the HVRS, ensuring
stiffness and service life requirements. It has a long-term temperature resistance of over
150 °C and a compressive strength of 27.8 MPa.

5.3. Quarter-Vehicle Test Setup
The structure of the suspension vibration test bench is shown in Figure 11.

Displacement sensor 78 ]
A
o 4

Acceleration sensor

Coil
- spring
shock absorber Fr
Displacement sensor meg 4§ Unsprung

Load resistance mass

R.

Force sensor

Suspension
controller

Figure 11. Quarter-vehicle test setup.

The road excitation test bench selects and controls the signals of the road excitation
system, and its hydraulic actuator is located below the simulated wheel and generates
simulated random road roughness, causing the suspension system to vibrate.

The quarter-vehicle suspension includes sprung mass, unsprung mass, suspension
springs, a shock absorber, and a simulated wheel.

The displacement sensors, acceleration sensor, and force sensor arranged in the test
bench collect state information during the vibration process of the suspension system and
transmit it to the suspension control system. One of the displacement sensors is arranged
between the unsprung mass and the sprung mass and is used to measure the dynamic
deflection of the suspension. Another displacement sensor is arranged between the sprung
mass and the test bench to measure the displacement of the sprung mass. The velocity
signal of the sprung mass can be obtained by differentiating this signal. The accelerometer
is arranged on the sprung mass to measure the acceleration of the sprung mass. The force
sensor is arranged under the wheel to measure the dynamic load of the wheel during the
test process.

The suspension controller calculates and processes the collected suspension status
information based on the control strategy set by the upper computer, sends out PWM
control signals to adjust the value of the dissipation resistance, and achieves semi-active
control of the suspension.

5.4. Comparison of Vibration Shock Absorber Diagram

In order to compare the characteristics of two different shock absorbers, the dissipation
resistor is configured as Ry = 60 ). Through a single degree of freedom test, the upper
end of the shock absorber is fixed and a vertical sine signal with a frequency of 1 H and an
amplitude of 50mm is input into the end of the shock absorber. The force-displacement
curve and force—velocity curve with and without the HVRS are obtained as shown in
Figure 12.
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Figure 12. (a) Damping force-displacement curve of shock absorber; (b) damping force—velocity
curve of shock absorber.

Due to the presence of gaps in the meshing of gear and rack, when the shock absorber is
reversing, it will produce an idle stroke. At this time, the equivalent inertial mass has a large
acceleration, resulting in a large inertial force. The inertial force causes the damping force of
the shock absorber to oscillate. From Figure 12, it can be seen that the shock absorber with
an HVRS can eliminate the oscillation of the force curve compared to the shock absorber
without an HVRS, making the damping force change of the force—displacement curve
smooth, which is conducive to improving reliability and comfort.

From Figures 7 and 12, it can be seen that the HVRS does not attenuate inertial forces
in the first main frequency region of the suspension, which is beneficial for suspension
vibration reduction.

In order to further verify the attenuation effect of the HVRS on high-frequency inertial
forces, the load resistance R, in Figure 8 was disconnected. According to Equation (26),
the damping coefficient of the suspension was essentially 0 at this time. Due to the fact
that the damping force of the shock absorber was essentially 0, the shock absorber only
output inertial force at that time. We input a vertical sine signal with a frequency of 10 H
and an amplitude of 10 mm to the end of the shock absorber to obtain the inertial force—
displacement curve and inertial force-velocity curve with and without the HVRS, as shown
in Figure 13.
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Figure 13. (a) Inertial force-displacement curve of shock absorber; (b) inertial force—velocity curve of
shock absorber.

From Figure 13, it can be seen that the inertial force curve of the damper without an
HVRS shows oscillation, and the inertial force that is generated when the shock absorber
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changes direction is much greater than that of the shock absorber with an HVRS. The
inertial force of the shock absorber with an HVRS is significantly attenuated.

From Figures 7 and 13, it can be seen that in the second and higher frequency regions
of the suspension, the HVRS significantly reduces the inertial force, thereby improving the
suspension performance.

It can be seen that the HVRS can not only eliminate the oscillation of the shock absorber
force curve but also significantly attenuate the inertial force in the high-frequency region.
From the perspective of energy recovery, after the application of the HVRS structure in
the energy regenerative suspension, the recovered energy is mainly concentrated in the
low-frequency region of suspension vibration, that is, the first main frequency region.

5.5. Random Road Comparison Test of Two Suspension Configurations

The parameters of the two suspension configurations in the bench comparison test are
shown in Table 5. The road excitation for the suspension test is to use a standard C-class
road surface at a speed of 60 km/h.

Table 5. Parameters of suspension.

Parameter Symbol Value Unit
Sprung mass ms 3125 kg
Unsprung mass my 43.5 kg
Equivalent inertial mass my 58.8 kg
Suspension spring stiffness ks 20,000 N/m
Wheel stiffness ky, 180,000 N/m
Dissipation resistance Ry 60 Q
Suspension HVRS stiffness ky, 30,000 N/m
Suspension HVRS damping coefficient cn 268 N-s/m

The time-domain data curves of the sprung mass acceleration ¢ , relative dynamic
load o, /Gy and dynamic deflection 5, of two suspension configurations were obtained
through experiments, as shown in Figure 14. The comparison of root mean square values
of suspension characteristic data is shown in Table 6.

—— Without HVRS 5 Wil VRS : 0.06

10 F= = = With HVRS 7 = = = With HVRS

T T
—— Without HVRS
= = = With HVRS '

10 5
Time(s) Time(s)

10
Time(s)

(a) (b) (c)

Figure 14. (a) Comparison of sprung mass acceleration; (b) comparison of relative dynamic loads;
(c) comparison of dynamic deflection.

Table 6. Comparison of suspension test results.

Status o, /m/s? OF,/G; os,/m
Without HVRS 2.7963 0.3791 0.0161
With HVRS 1.8912 0.1936 0.0156

Changed —32.37% —48.93% —-3.11%
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Analyzing Figure 14 and Table 6, it can be seen that the suspension characteristics of
the two configurations are essentially the same in terms of dynamic deflection in the time
domain. The root mean square value of dynamic deflection of HVRS suspension is 3.11%
lower than that of suspension without an HVRS. the root mean square value of the sprung
mass acceleration of HVRS suspension is 32.37% lower than that of suspension without
an HVRS; the root mean square value of the relative dynamic load of HVRS suspension
is 48.93% lower than that of suspension without an HVRS. Therefore, the HVRS is very
effective in improving the performance of energy regenerative suspension.

To further analyze the reasons for the effectiveness of the HVRS from the frequency
domain characteristics, the spectral density comparison of the suspension sprung mass
acceleration, relative dynamic load, and dynamic deflection obtained through spectral
analysis of experimental data is shown in Figure 15.
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Figure 15. (a) Comparison of sprung mass acceleration spectral density; (b) comparison of relative
dynamic load spectrum density; (c) comparison of dynamic deflection spectral density.

From Figure 15a, it can be seen that when the excitation frequency is lower than the
frequency fsy, the sprung mass acceleration of the HVRS suspension slightly increases
compared to the original configuration suspension in the first main frequency range. When
the excitation frequency is higher than the frequency fys, but lower than the frequency
fmuy, the sprung mass acceleration of HVRS suspension is significantly reduced compared
to the original configuration suspension. When the excitation frequency is higher than the
frequency fuuy but lower than the frequency f,,,, the sprung mass acceleration of HVRS
suspension slightly increases compared to the original configuration suspension. When
the excitation frequency is higher than the frequency f,;,, the sprung mass acceleration of
HVRS suspension is significantly reduced compared to the original configuration suspen-
sion. It can be seen that HVRS suspension can solve the problem of deteriorating sprung
mass acceleration caused by equivalent inertial mass.

From Figure 15b, it can be seen that when the excitation frequency is lower than the
frequency fysy, the relative dynamic load of HVRS suspension slightly increases compared
to the original configuration suspension in the first main frequency range. When the
excitation frequency is higher than the frequency fmsy but lower than the frequency fmuy, the
relative dynamic load of HVRS suspension is significantly reduced compared to the original
configuration suspension. When the excitation frequency is higher than the frequency fy
but lower than the frequency f,, the relative dynamic load of HVRS suspension increases
in the second main frequency range. When the excitation frequency is higher than the
frequency fy, the relative dynamic load of HVRS suspension is essentially the same as
the original configuration suspension. As for vehicle handling stability, as the frequency of
relative dynamic loads that it focuses on is generally less than 10 Hz, it can be seen that
HVRS suspension can solve the problem of deteriorating vehicle handling stability caused
by equivalent inertial mass.

Based on the analysis of Figure 15, the first main frequency f,,;; of HVRS suspension
is essentially the same as that of the original configuration suspension, and the second
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main frequency f,,,, of HVRS suspension is greater than that frequency f;;;, of the original
configuration suspension.

5.6. Semi-Active Control Test Verification

Due to the significant changes in the suspension configuration compared to traditional
suspensions after the addition of an HVRS, it is necessary to verify whether the skyhook
control algorithm is effective for HVRS suspensions. The skyhook control algorithm
was first proposed by Karnopp et al. [31] and has been widely studied in academia and
automotive industries as a means to improve ride comfort and road holding of vehicles
with semi-active suspension.

To achieve semi-active control of the HVRS energy-regenerative suspension, the
sprung mass speed vs and the damper speed (vs — v},) are selected as inputs for the skyhook
control algorithm. The skyhook semi-active control algorithm for HVRS suspension is
shown in Equation (27).

_ { CskyUs /(Us - Uh) Cs € (Cmin/ Cmax]} US(US - Uh) >0 27)
Cmins US(US - Uh) <0

Using the excitation signal of a vehicle traveling at a speed of 60 km /h on a C-level road
surface as input, the semi-active control of HVRS suspension and the passive suspension
state of the HVRS are compared and simulated, with a simulation duration of 20 s. The
damping coefficient of passive suspension is constant. The time-domain data curves of the
sprung mass acceleration, relative dynamic load, and dynamic deflection of two suspension
configurations were obtained through experiments, as shown in Figure 16. For clearer
comparison, only 5 s of data are shown in Figure 16. The comparison of root mean square
values of suspension characteristic data is shown in Table 7.
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Figure 16. (a) Comparison of sprung mass acceleration; (b) comparison of relative dynamic loads;
(c) comparison of dynamic deflection.

Table 7. Comparison of HVRS suspension test results.

Status o /m/s? OF,IG; os,/m
Passive HVRS 1.8912 0.1936 0.0156
Semi-active HVRS 1.7781 0.1796 0.0160
Changed —5.98% —7.23% +2.56%

Through comparison, it can be seen that the semi-active control of HVRS suspension
reduces the sprung mass acceleration by 5.98% compared to passive suspension, reduces
the relative dynamic load by 7.23%, and increases the dynamic deflection by 2.56%. This
indicates that the application of semi-active control algorithms in HVRS suspension can
further improve performance while reducing the impact of equivalent inertial mass.
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6. Conclusions

In order to solve the problems of performance degradation and low suspension
reliability caused by the equivalent inertial mass of energy-regenerative suspension, this
paper proposes an HVRS suspension configuration. Through frequency domain analysis
and bench comparison experiments, it is proved that the new suspension configuration can
improve the suspension performance. The following conclusions are drawn:

(1) Frequency domain analysis shows that an HVRS can significantly reduce the sprung
mass acceleration and relative dynamic load of energy regenerative suspension.

(2) The suspension controller can achieve linear adjustment of the dissipation resistance
value of the shock absorber through PWM control.

(3) An HVRS can not only eliminate the oscillation of the shock absorber force curve but
also significantly attenuate the inertial force in the high-frequency region.

(4) The recovered energy regenerated by HVRS suspension is mainly concentrated in the
first main frequency region of suspension vibration.

(5) By applying the skyhook semi-active control algorithm, the HVRS suspension can
further reduce the sprung mass acceleration and relative dynamic load.
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