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Abstract: Three design modes of seat suspension, i.e.,
negative stiffness elements ( NSEs), damping elements
(DEs), and negative stiffness-damping elements ( NSDEs),
are proposed to evaluate the ride performance of a vehicle.
Based on a dynamic model of a seat suspension and indexes of
the root mean square deformation and acceleration of the seat
suspension (xgys) and driver’s seat (dg,s), the influence of
the design parameters of the NSEs, DEs, and NSDEs on the
driver’s ride comfort is evaluated. A genetic algorithm is then
applied to optimize the parameters of the NSEs, DEs, and
NSDEs. The study results indicate that the design parameters
of the NSEs and NSDEs remarkably influence xgy,s and dgy,
whereas those of the DEs insignificantly influence xg,, and
agys- Based on the optimal results of the NSEs, DEs, and
NSDEs, the damping force of the DEs is 98.3% lower than
the restoring force of the NSEs. Therefore, the DEs are
ineffective in decreasing X, and ag,,s. Conversely, the NSEs
combined with the damping coefficient of the seat suspension
strongly reduce xg,,s and agys. Consequently, the NSEs can be
added to the seat suspension, and the damping coefficient of
the seat suspension can also be optimized or controlled to
further enhance the vehicle’s ride performance.
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T o enhance drivers’ ride comfort in vehicles, seat sus-

. . . 1
pension systems used by an air spring'"!

and a damp-
er with its active damping coefficient'” or the optimiza-
tion design for a body mounting system of heavy vehicles
were studied and applied"” . Moreover, based on the ge-
netic algorithm (GA) and cultural algorithm, some con-
trol methods combining the GA-fuzzy control', cultural

][5]

algorithm-fuzzy control'™”, and GA-fuzzy control-propor-
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tional-integral-derivative control™ were applied for the
semi-active suspension system of vehicles. Moreover,
based on the control rules of the fuzzy control controlled
by the GA, the machine learning method'”" was investiga-
ted to further optimize the isolation performance of the
seat suspension systems and ride comfort of vehicles. The
results of the ride comfort were remarkably improved by
semi-active suspension systems optimized and controlled
by adaptive control methods. However, the isolation per-
formance of the controlled seat suspension was only en-
hanced by up to 30% as compared to that of passive sus-
pension systems, and the structure of the controlled sus-
pension systems was quite complicated.

To solve the above issue, the negative stiffness element
(NSE) "™ quasi-zero-stiffness'"'!, or magnetic negative
stiffness damper''” were proposed and researched to fur-
ther reduce vibrations in the driver’s seat. The influence
of the geometrical dimension ratio and stiffness ratio of
the NSE on the dimensionless characteristic of the resto-
ring force-displacement and dynamic stiffness-displace-
ment of the driver’s seat was analyzed in detail to opti-
mize the NSE’s performance'" "', The different models
of the NSE used by the curved-mount-spring-roller, air
spring, and steel spring were investigated to assess the
performance of the seat isolation system' """ The re-
sults show that the NSE added in the isolation system of
the driver’s seat not only greatly reduced the displacement
and acceleration responses of the driver’s seat but also
significantly improved the power spectral density accelera-
tion of the driver’s seat in the low-frequency region. In
addition, the optimal design of the NSE was proposed to
further improve the isolation performance of the
NSE'""™' . However, in the existing research on the NSE
for the driver’s seat suspension systems, the influence of
the NSE’s design parameters was mainly analyzed via the
dimensionless characteristic of the restoring force-dis-
placement and dynamic stiffness-displacement™ ' and
the driver’s seat displacement and its root mean square
(RMS) value'”".
pension systems should be evaluated via their deformation

and the acceleration of the driver’s seat rather than by the
[1,6,18]

The isolation performance of seat sus-

driver’s seat displacement . Moreover, with the seat

suspension systems added by the NSE, its horizontal and
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symmetrical springs were used to generate the dynamic
quasi-zero-stiffness and reduce the vibration of the seat
suspension systems'” ">
be added to the suspension systems of vehicles, cabs, or
seats to extinguish vibrations. Assuming that the stiffness
element in the NSE is substituted using the damping ele-
ment (DE) of the dampers or negative stiffness-damping
element (NSDE), can the efficiency of the DE or NSDE
be better than that of the NSE? Thus far, these issues
have not been concerned and researched in the existing
studies yet.

To clarify the above issues, a driver’s seat dynamic
model built under random excitation and combined har-

. Generally, a damper should

monic excitation was used to assess the isolation perform-
ance of the NSE, DE,
driver’s rider comfort and seat suspension deformation.
The sensitivity effect of the design parameters on the iso-
lation performance of the NSE, DE, and NSDE was ana-
lyzed via the indexes of the weighted RMS of the seat
suspension deformation (xg,s) and driver’s seat accelera-
tion (dagy)- The NSE, DE, and NSDE parameters were
then optimized based on the multi-objective optimization
method to fully reflect the performance of the NSE, DE,
and NSDE. The reduction of the seat suspension deforma-

and NSDE in improving the

tion and the increase in the driver’s ride comfort are the
goals of this study.

1 Driver’s Seat Suspension System Models

1.1 Driver’s seat suspension models

In the traditional driver’s seat suspension ( TDSS) of
vehicles, the driver’s seat suspension was mainly de-
signed using dampers and springs''>*”'. However, the
TDSS’s performance in reducing the driver’s seat vibra-
tion is low. Thus, three various models of the TDSS add-
ed by the NSE, DE, and NSDE are proposed to evaluate
their performance in ameliorating the driver’s rider quali-
ty. Three various models of the TDSS are described as
follows.

1.1.1 Model of the NSE added in the TDSS

The NSE is designed by two horizontal springs with the
stiffness parameter k. It is installed horizontally and
symmetrically at the TDSS position on the vehicle floor.
One end of the horizontal spring is attached to a sliding
guide block, and the other end is fixed to the wall. The
sliding block is connected to the driver’s seat via a hard
bar with length d, the two joints of the hard bar can free-
ly rotate, and the hard bar is joined in the horizontal di-
rection by an angle §. The model of the TDSS added by
the NSE is plotted in Fig. 1(a). a is the distance in the
horizontal direction between the seat and wall, b is the in-
itial length of the horizontal spring, and e is the length of
the horizontal spring after deformation. X is the distance
from the initial position of the driver’s seat to the vehicle

floor in the vertical direction; m is the driver’s seat mass;
c and k are the damping and stiffness coefficients of the
TDSS, respectively; and F and F are the force respon-
ses of the NSE and TDSS, respectively.

Initial position

(b)

Vehicle floor /{q/\

(c)

Fig.1 Dynamic model of the TDSS. (a) Added by the NSE;
(b) Added by the DE; (c) Added by the NSDE

To compute the force responses of F, and F, some as-
sumptions are given as follows:

1) The sliding block and hard bar mass are negligible.

2) The friction generated at the joint of the hard bar
and the sliding block is also negligible.

3) The vibration model of the TDSS equipped with the
NSE is only evaluated in the vertical direction.

Under the load of P =mg in Fig. 1(a), the driver’s seat
is then moved down a distance x from the initial position
of X,. The force response F' of the TDSS added by the
NSE is expressed as follows:

F=cx+kx+F, (1)

where F is the vertical restoring force generated by the
compression force F_ of two horizontal springs, and it is
determined as follows:

T |(X, —x

«/dz—(Xo—x)z)( 0 (2)
X,=/d -(a-b)’

Thus, the force F in Eq. (1) is rewritten by

a-b

m)(xo_x) (3)

FXS :2kb(1 -

F:cx'+kx+2k5(1 -
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1.1.2 Model of the DE added in the TDSS

Based on the structure model of the NSE in Fig. 1(a),
two springs of the NSE were replaced using two dampers
with the damping parameter c,, as provided in Fig. 1(b).
F, and F are the force responses of the DE and TDSS, re-
spectively.

Similarly, the deformation of the seat generated under
the effect of the load of P =myg is defined by x. Thus, the
TDSS’s force response added by the DE is calculated as

F=cx+ke+F, (4)
where F , is the vertical damping force generated by two
horizontal dampers, and it is determined as
X,

F, =2F tang =2c,(b - ¢) a“__e -

e=a-/d -(X, -x)’

Due to the parameter of b being constant, b=0. The
damper’s displacement speed is calculated by

é:i(a_ & —(X,-0%) :M

By substituting Eq. (6) into Eq. (5) and transforming
Eq. (5), we have

(6)

(X, -x*
Fy=2¢, ° 2 (7
d - (X, -x)
Thus, the force F in Eq. (4) is also rewritten as
. (X, -x)°
F:CX+kx+2Cdﬁ (8)
d - (X, -x)

1.1.3 Combination model of the NSE and DE add-
ed in the TDSS

From the NSE and DE models in Figs. 1(a) and 1(b),
the horizontal springs of the NSE and the horizontal
dampers of the DE were combined and added in the
TDSS, as shown in Fig. 1(c), where F
sponse of the NSDE.

The force response F of the TDSS added by the NSDE
is also expressed as

F=cx+kx+F_, (9

is the force re-

nsd

F , is the vertical force generated by the horizontal

dampers and springs. F_, is determined as follows:

(X, -x)° a-b
1= -
X +2k~“( X )(XO x)} (10)

X=./d-(X,-x)°

Based on the dynamic models of the driver’s seat sus-
pension system with the NSE, DE, and NSDE in Figs.
1(a) to (c), it is assumed that the vertical vibration g
from the vehicle floor is transmitted to the driver’s seat.
The driver’s seat vibration generated under the excitation
q is defined by x,, as described in Figs. 1(a) to (c). The

Fy=2¢,

vibration equation of the driver’s seat is then expressed as
(1)

where F_ is the force response of the NSE, DE, and NS-
DE determined in Egs. (2), (7), and (10), respective-
ly, and F| is rewritten as

m)él =c(zj—)él) +k(qg-x)) +2F,

a-b

ks(l— X )(XO—X) with NSE
X _ 2
F,.= Cd(OTX) with DE
(X, -x)° a—b .
CdOT*'ks(l T x )(Xo—x) with NSDE

(12)

With o, =d/b, a, =a/b, B, =k/k, and B, =c,/c,
Eq. (12) can be rewritten as

F =
-1
Blk(l _“ZX )(Xo—x) with NSE
X, -x)°
BZc% with DE
X, - x)* -1
52c¥+3,k(1—a} )(Xo—x) with NSDE

(13)

where X, ~x=x, —¢q; X= /o] (X, -x)/b; «, and
a, are the geometrical dimension ratios of the NSE, DE,
and NSDE; and B, and B, are the stiffness ratio and
damping ratio of the NSE, DE, and NSDE, respectively.

Therefore, Egs. (11) and (13) are used to assess the
isolation performance of the NSE, DE, and NSDE and
the effect of their dynamic parameters on ameliorating the
driver’s ride comfort.

1.2 Vibration excitations

In the moving condition of vehicles, the vibrations
from the vehicle floor transmitted to the driver’s seat sus-
pension are mainly generated by two different excitation
sources, namely, one random excitation of the road sur-
face roughness and another excitation of the combined
harmonics generated by the transmission, engine, and
main/tail rotor connected together. Two excitation
sources are described as follows.
1.2.1 Random excitation

To evaluate the performance of the NSE, DE, and NS-
DE in improving the driver’s ride comfort, the random
excitation from the vehicle floor built based on the power
spectrum density (PSD) S(n,) in the ISO 8068 stand-
ard"”" was then applied. The PSD S(f) of the random ex-
citation from the vehicle floor in the frequency region is
written as'®

-2

S(f :S(no)(ni) v =S(ny)novf (14)
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where v is the speed; n, =0.1 is the reference spatial fre-
quency; n =f/v is the spatial frequency; and f is the ran-
dom excitation frequencies.

Based on the random signal of the white noise W and
PSD S(f) in Eq. (14), the random excitation of the floor
in the time region is written as'"

q +2mn,v'q =27n, /S(HvW

The existing studies showed that the random excitation

(15)

in the low-frequency region greatly affects the driver’s

ride comfort and health!**”

, especially excitation fre-
quencies below 10 Hz. Thus, based on a value of S(n,)
=64 x 10 ° m’ of ISO level B in ISO 8068'"”", <10
Hz, and v =20 m/s, these parameters were then applied
to compute the random excitation g of the vehicle floor.

The simulation result is plotted in Fig.2(a).

50
Time/s
()
15.0
7.5
g
E 0
S
-7.5
_ 1 1 1 1
15‘918.0 48.5 49.0 49.5 50.0
Time/s
(b)
30
£ 20
£
S 10
0 1 1 1 1 J
0 0.5 1.0 1.5 2.0 2.5 3.0
Time/s

(c)

Fig.2 Vibration excitations. (a) Random excitation; (b) Com-

bined harmonic excitation; (c) Bumpy excitation

1.2.2 Combined harmonic excitation

The vibration excitations of the engine, transmission,
and main/tail rotor connected together also affect the
driver’s ride comfort. In particular, the different excita-
tion frequencies of the main rotor (f; =5.2 Hz), tail ro-
tor (f, =12.7 Hz), hydraulic pump (f;, =19.5 Hz), ro-
tor drive shaft (f, =25.3 Hz), transmission input shaft
(fs =32.6 Hz), and oil cooler (f, =41.7 Hz) are greatly
affected the human body health™'".
citation of these multi-frequency wave harmonics is de-
scribed as

Accordingly, the ex-

q = ), Qsin(2mf1) (16)

where Q, and f; are the amplitude vibrations and excitation
frequencies of the rotating mechanisms, respectively, and
i=1,2,...,6.

Based on the parameters of Q, and f; provided in Tab.
1" the combined harmonic excitation is then simulated

and plotted in Fig.2(b).

Tab.1 Vibration excitation of rotating mechanisms

i 1 2 3 4 5 6
fi/Hz 5.2 12.7 19.5 25.3 32.6 41.7
Q;/mm 5.2 6.5 13.6 1.7 4.1 4.3

1.2.3 Bumpy excitation

The bumpy excitation from the vehicle floor could gen-
erate the maximum values of the seat acceleration and seat
suspension’s deformation in a very short time. It can also
affect the driver’s ride comfort and the durability of the
driver’s seat suspension. The mathematical equation of
the bumpy excitation is expressed as

else

17
0.3=<1<0.5 (17

0
1= {0. 03cos(wt +0. 5)
where w =2mv/L, v is the vehicle velocity, and L is the
bump width. It is assumed that the vehicle is moving at a
velocity of v=5 m/s on L =0.4 m. The bumpy excita-
tion q was then simulated, as shown in Fig.2(c).
The vibration excitations in Fig. 2 were then applied to
evaluate the performance of the NSE, DE, and NSDE.

2 Influence of Design Parameters on the Per-
formance of the Driver’s Seat Suspension

2.1 Evaluation index

The performance of the vehicle’s suspension system
was assessed using some indexes, such as the ride com-
fort, road friendliness, and deformation of the suspension

026181 " The deformation of the driver’s seat sus-

system
pension system was evaluated via the weighted RMS de-
formation (x,s), and the driver’s ride comfort was re-
flected via the weighted RMS acceleration of the driver’s

)11 Both of these values are written as

] T

Xrms = 4/7j0(x1 _Q)Zdt
(" .

gy = /?Jo(x,)zdt

where x, and x, are calculated from Eq. (11) in the simu-
lation time 7.

To evaluate the performance of the NSE, DE, and NS-
DE on isolating the driver’s ride comfort, the decreases in
Xeus and ag,,s are chosen as the evaluation indexes.

seat (dpys

(18)

2.2 Sensitivity analysis of design parameters

The change in the design parameters of the suspension
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system affects the ride comfort''”'>'"". Thus, to analyze

the sensitivity of the NSE, DE, and NSDE parameters on
the driver’s ride comfort, the initial parameters of the
driver’s seat suspension, ratios of the geometrical dimen-
sions «, and «,, stiffness ratio 8,, and damping ratio 3,

o l10.17)

provided in Tab. were simulated.

Tab.2 Design parameters of the driver’s seat suspension with
the NSE, DE, and NSDE

Parameters Values Parameters Values
m/kg 85 k/(KN-m~1) 40
b/mm 230 ¢/(kN-s-m™") 0.35
a; 0.78 B 0.65
a, 1.20 B 0.65

Under the random excitation of the vehicle floor on the
driver’s seat suspension presented in Fig.2(a), the influ-
ence of the geometrical dimension ratios of the NSE,
DE, and NSDE, including o, = d/b = {0.5,0.6, ...,
1.4} and @, =a/b ={1.0,1.1, ...,2.0} on xg,s and
agys» Were computed and are plotted in Fig. 3(a) to (c),
respectively.

With the driver’s seat suspension added by the NSE,
Fig.3(a) shows that x,, and a,,, are strongly affected
by the changes in «, and «,. X, can obtain the mini-
mum value when 0. 7<q, <1.2 and 1.0 <@, <1. 4,
whereas ag,,, can obtain the minimum value when 0. 8 <
a,<l.4and l.1<q,<1.5. To reach the minimum X,
and a,, the ratios of «, and «, should be optimized at a
range of 0.8 <@, <1.2 and 1. 1 <@, <1.4.

)

G/ (M

.S‘l
oo — N W

s/ (M

Fig.3 Influence of the geometrical dimension ratios on xpys
and agys. (a) With NSE; (b) With DE; (c¢) With NSDE

With the driver’s seat suspension added by the DE,
Fig. 3(b) shows that x,,, and a,, are significantly influ-
enced by «,, but they are not affected by «,. This result
can be due to the force F, of the DE in Eq. (7) not being
affected by the ratio of @, = a/b. In addition, xg in-
creased and ay,,, decreased with the increase in «, and

vice versa. Thus, to obtain the minimum x,,,. and a

RMS
the ratio of «, should be optimized at a range of 0. 8§ <q,
<l1.2.

With the driver’s seat suspension added by the NSDE,
similar to the results of the NSE, Fig.3(c) shows that
Xems a0d agy, are also strongly influenced by the changes
in «, and «,. This result can be due to the effect of the
geometrical dimension ratios of the NSE in the NSDE. At
ranges of 0. 7<qa, <1.4 and 1.0 <, <1.5, xp, and

dgys €an achieve the minimum value. Thus, «, and «,

RMS >

should also be selected in this region to optimize the re-
sults of xpy,s and dgys-

Similarly, under the random excitation of the vehicle
floor in Fig.2(a), the change in the stiffness and damp-
ing parameters (§,k and §,c) and the stiffness and damp-
ing ratios (B3, and B,) of the NSE, DE, and NSDE on
Xpus And agys Were also computed and are shown in Figs.
4(a) to (c), respectively. §,,=1{0.2,0.4,...,2.0} and
Bi,=1{0.1,0.2,...,1.0}.

Fig. 4 Influence of the ratios of the dynamic stiffness and

damping parameters on Xgys and dgys. (a) With NSE; (b) With
DE; (c) With NSDE

With the NSE, Fig. 4(a) indicates that x,,, and agy
are strongly affected by the change in 6, and B,. At a
range of 0.5 <8, <0.75 and 0. 5<6, <1.0, xu, and
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Qgys €an obtain the minimum value. Therefore, the range
of §, and B, should also be selected to optimize the results
of Xpys and dpys-

With the DE, Fig. 4(b) also shows that xy, and agyg
are remarkably affected by §,, but they are insignificantly
affected by B8,. This finding implies that the change in the
damping coefficient ¢, of the DE insignificantly affects
Xpus and ag,s. Here the change in xg,, and ag,, is mainly
due to the change in the damping coefficient ¢ of the
TDSS. Xxpys and ag,, increased when the damping coeffi-
cient ¢ was reduced and vice versa. To obtain the mini-
mum value of x., and ag,s, a range of 0.6<§,<1.5
should be optimized.

With the NSDE, Fig. 4(¢) indicates that xg,,, and agyg
are affected by the stiffness k and stiffness ratio 8, = k./k
of the NSE and the damping coefficient ¢ of the TDSS.
To reduce xys and a,s, a range of 0.6<6,,<1.5 and
0.5=<p,,=0.75 should be used.

Based on the above analysis results, the change in the
design parameters of the NSE, DE, and NSDE remark-
ably affect the driver’s ride comfort. However, it is diffi-
cult to fully evaluate the performance of the NSE, DE,
and NSDE based on their initial design parameters be-
cause the parameters in each model of the NSE, DE, and
NSDE changed could also affect the results of x,,, and
dgys- Accordingly, all design parameters of each model
need to be optimized. Then, the optimization results are
used to evaluate the performance of the NSE, DE, and
NSDE in the driver’s seat suspension system.

2.3 Optimizing NSE, DE, and NSDE parameters

To optimize the NSE, DE, and NSDE parameters, the
boundary conditions need to be defined. Based on the a-
nalysis results in Section 2.2, the boundary conditions of
the NSE, DE, and NSDE parameters are defined as

d=a,b 0.8<a,<I1.2
a=a,b Llsa,<l.4
b =230 mm
k., =Bk 0.5=B,=<0.75
k=406, kN/m 0.5<6,=<1.0
¢y =,¢ 0.5=<B,<0.75

¢=3508,N-s/m  0.6<6,<I.5 (19)

Based on the boundary conditions in Eq. (19), the de-
sign parameters of the NSE, DE, and NSDE need to be
optimized to obtain the minimum x,,, and a,. Thus,
the objective functions of the NSE, DE, and NSDE are
expressed as

G = min{xgyg, Ay}

Yrus = (TilJ’:(xl —Q)zdf)]/z (20)

172

pys = (T’] J':xfdt)

Egs. (19) and (20) indicate that this is a multi-objec-

tive optimization problem. Thus, to solve this issue, a
multi-objective optimization method using the GA" '**"
was applied to optimize the object function G of the
NSE, DE, and NSDE.

The GA is defined as finding a vector of x = {x,, x,,
... X, }" satisfying the initial conditions to achieve the
minimum or maximum values of G(x) = {g,(x), g,(x),
v 8,(X) }'. The structure of the GA is defined by the
processes of encoding, population initialization, fitness e-
valuation, parent selection, genetic operations ( crossover
and mutate), and termination criterion'™™'. The GA has
been used for optimizing the NSE, DE, and NSDE pa-
rameters as follows:

Based on the dynamic model of the driver’s seat in
Fig. 1 and the boundary conditions in Eq. (19), the GA
was applied to search a vector of x = {«,, a,, §,, 8,, B,
B,}" of the NSE, DE, and NSDE models to achieve the
minimum value of G = { Xy, Grys} - The structure flow-
chart and setting parameters of the optimization model are
plotted in Fig.5 and defined in Tab. 3, respectively.

| Initialize parents and population |

Select parents

1

Acceptance
function

Simulink model of the
NSE, DE, and NSDE

]

Simulink model
of driver’s seat suspension
(]
Evaluate the fitness
values of individuals

Genetic operations

r

No

min G
Yes

The optimal results
of Xpuis and dpys

Fig.5 Structure of the GA and seat suspension

Tab.3 Initial parameters established in the GA
Parameter Value Parameter Value
Generations 1 000 Crossover probability 0.95
Initial populations 150 Termination criterion of 1.0 x
Mutation probability ~ 0.05 | | G,(x) =G, (%) | 10

Based on the random excitation of the vehicle floor in
Fig.2(a) and the GA’s operation parameters in Tab. 3,
the design parameters of the NSE, DE, and NSDE are
then optimized via the algorithm flowchart in Fig. 5 to ob-
tain the minimum value of G = {X.s, @gys} - The opti-
mal results of the NSE, DE, and NSDE are shown in
Fig. 6. The results show that the distribution densities of
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Xeus and agy,s with the NSE, DE, and NSDE decremented
in the optimization process. The minimum values of G =

{Xews> @rys ) With the NSE, DE, and NSDE optimized
by the GA were achieved at {1.985, 0. 428137, {1.558,
0.931 }T, and {1.470, 0. 441 }T, respectively. At the

minimum G, all the optimal parameters were saved and

are provided in Tab.4. Moreover, the change in the de-
sign parameters before and after optimization are listed
and compared in Tab.5. The optimal parameters of each
model were then simulated to assess the performance of

the NSE, DE, and NSDE.

121 = NSE
(1.558,0.931) * . .. x DE
& *
S LOF N\ e » igall B o NSDE
E 08 (1.985,0.428)
o .. o
50.6 (1470,0.441039 E oo o IR
o a -
800 (e .
0.4 1 1 ]
12 1.6 2.0 24 2.8
Xpus/MM

Fig.6 Distribution densities of xgyg and agyg

Tab.4 Optimal results of the NSE, DE, and NSDE

Parameters NSE DE NSDE
o 0.901 0.823 0.960
a 1.152 1.152 1.151
5 0.880 1.000 0.901
8, 1.000 1.340 1.321
B 0.600 1.000 0.591
Ba 1.000 0.610 0.590

Tab.5 Optimized dynamic parameters

Isolations Parameters ]'3efore' 'Af'ter . Change
optimization optimization  value/%
a/mm 276.0 265.0 -4.15
With d/mm 179.4 207.2 13.42
NSE ky/(KN-m™") 26.0 21.1 -23.22
k/(KN-m™") 40.0 35.2 -13.64
a/mm 276.0 276.0 0.00
With d/mm 179.4 189.3 5.23
DE ¢,/(kN-s-m™") 0.23 0.29 20. 69
¢/(KN-s-m™!) 0.35 0.47 25.53
a/mm 276.0 264.7 -4.27
d/mm 179.4 220.8 18.75
with  k/(kN-m™") 26.0 21.3 -22.07
NSDE  k/(kN-m™") 40.0 36.0 —-11.11
cd/(kN-s-m']) 0.23 0.25 8.00
¢/(kN-s-m™") 0.35 0.43 18. 60

2.3.1 Performance of the NSE, DE, and NSDE

under a random excitation
Under the moving condition of the vehicle on the road
surface roughness, the random excitation of the vehicle
floor in Fig. 2(a) was used to the isolation performance
of the optimized NSE, DE, and NSDE. The simulation

results of the driver’s seat suspension deformation and

driver’s seat acceleration responses are plotted in Figs. 7
(a) and 7(b).

Fig. 7 shows that the driver’s seat suspension deforma-
tion and acceleration responses with the DE significantly
reduced as compared to the TDSS, whereas the driver’s
seat suspension deformation and acceleration responses
with the NSE and NSDE strongly decreased in compari-
son with the TDSS, especially with the NSDE. Moreo-
ver, the RMS results of the seat suspension deformation
and seat acceleration were calculated and are provided in
Tab. 6.
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Fig.7 Simulation results under random excitation. (a) Suspen-
sion deformation; (b) Seat acceleration

Tab.6 Calculation results of xgy and agys

Parameters Xgms/ MM agys/ (M -s72)
TDSS 2.202 6 1.188 8
NSE 1.963 3 0.4215
DE 1.548 3 0.9324
NSDE 1.479 0 0.445 4

With the NSE, x.,s and a,s remarkably reduced by
10.86% and 64.54% in comparison with those with the
TDSS,
This finding implies that the seat suspension deformation
and driver’s ride comfort are better than those of the
TDSS. This result is attributed to the restoring force of
the NSE generated to reduce the force response of the
driver’s seat suspension ( see Fig.8(a)), and the NSE has
an obvious effect on improving the driver’s ride quality.

especially the driver’s seat RMS acceleration.

This result is also similar to those of existing stud-

. [10-11, 14, 17]
ies .

With the DE, x., was significantly reduced by
29.71% , while a,s was slightly reduced by 21. 57%

compared to the TDSS. Hence, the TDSS added by the
DE is only effective in improving the seat suspension de-
formation. In addition, the analysis results of the DE in
Figs.3(b) and 4(b) show that x,,; and ag,, are insignifi-

cantly affected by the geometrical dimension ratio and da-
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Fig.8 Force response of the seat suspension under the random
excitation. (a) With NSE (RMS of F is 62.8 N); (b) With DE
(RMS of F, is 1.06 N)

mping ratio of the DE. Moreover, the simulation result
of the damping force F, of the DE in Fig. 8(b) shows
that the damping force response of the DE is very small in
comparison with the restoring force response of the NSE
(RMS of F, is less than the RMS of F by 98.3%).
This result is due to the value of (X, — x)* of the DE in
Eq. (7) being very small, so the damping force response
of the DE obtained is also very small. Hence, the DE is
not effective in improving the driver’s ride comfort and
seat suspension deformation. The small results of the seat
suspension deformation and driver’s seat acceleration and
Xgus and ag,,s of the DE compared to the TDSS in Figs. 7
and 8 are due to the optimized damping coefficient ¢ of
the TDSS being increased by 25. 53% (see Tab. 5).
Therefore, the DE was not studied and applied to the
TDSS. However, this issue is hardly mentioned in the
existing studies.

With the NSDE, the calculation results in Fig. 7(a)
and Tab. 6 show that the seat suspension deformation and
its xgy are the smallest. x,, is greatly reduced by
32.85% compared to the TDSS. This is due to the damp-
ing coefficient ¢ being increased by 18.60% and the stift-
ness coefficient of k being reduced by 11. 11% after the
optimization process (see Tab.5). Moreover, a,, value
strongly decreased by 62. 53% in comparison with the
TDSS, and ay,,, of the NSDE was only 5.4% higher than
the NSE. This result is attributed to the performance of
the optimized NSE.

Based on the above analysis results, the DE is not ef-
fective in improving the driver’s ride comfort and seat
suspension deformation, whereas the NSE has an obvious
effect on improving the driver’s ride quality. To improve
the seat suspension deformation and acceleration of the
driver’s seat, the NSE and optimized damping coefficient
¢ should be used on the TDSS.

2.3.2 Performance of the NSE, DE, and NSDE
under the combined harmonic excitation
To further evaluate the isolation performance of the
NSE, DE, and NSDE, a combined harmonic excitation
of the engine, transmission, and main/tail rotor transmit-
ted to the vehicle floor in Fig.2(b) was used for the sim-
ulation process. The seat suspension deformation and
driver’s seat acceleration are plotted in Figs. 9 (a) and

(b).

494
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(a)

1
494
Time/s

(b)

Fig.9 Simulation results under the combined harmonic excita-

tion. (a) Suspension deformation; (b) Seat acceleration

Similarly, Fig.9(a) shows that the seat suspension de-
formation with the DE is lower than that of the NSE, and
the seat suspension deformation with the NSDE is the
smallest. Conversely, the driver’s seat acceleration with
the DE is insignificantly reduced compared to that with
the TDSS, whereas it is greatly decreased by the NSE and
NSDE (see Fig. 9(b)). Based on the simulation data in
Fig. 9, xpys and ay,, of the TDSS, NSE, DE, and NSDE
were also computed and are listed in Tab. 7.

Tab.7 Calculation results of xg\s and agys

Parameters Xppms/ MM Agys/ (M - s72)
TDSS 6.656 2 4.827717
NSE 6.095 4 2.820 4
DE 5.310 2 4.5122
NSDE 5.012 2 2.985 4

The results also show that x,,,; and ay,,, of the NSE are
lower than those of the TDSS by 8.43% and 41.58%,
respectively. In particular, the ag, value of the NSE is
strongly reduced compared to the TDSS. This is also due
to the influence of the restoring force generated by the op-
timized NSE, as plotted in Fig. 10(a). On the contrary,
due to the very small damping force generated by the DE
in Fig. 10(b), ag,s of the DE in Tab. 7 is only reduced
by 6.54% compared to the TDSS, and a,, of the DE is
higher than that of the NSE by 37.5% . xg,,, with the DE
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Fig. 10 Force response of the seat suspension under the com-
bined harmonic excitations. (a) With NSE (RMS of Fis 216. 4
N); (b) With DE (RMS of F, is 5.38 N)

reduced by 20. 22% in comparison with the TDSS in
Tab. 7, which is mainly due to the optimized damping
coefficient c. Therefore, the DE is ineffective under the
combined harmonic excitation.

With the NSDE used by the optimal damping coeffi-
cient ¢ of the TDSS and optimal NSE combined, its xp
decreased by 24.70% in comparison with the TDSS, and
its value is also the lowest. Moreover, its ag, value
strongly decreased by 38. 16% in comparison with the
TDSS, and it is only higher than the NSE by 5.5% . This
result implies that the DE should be ignored, and the op-
timal damping coefficient c of the TDSS and optimal NSE
should be combined to further improve the seat suspension
deformation and driver’s ride comfort under the combined
harmonic excitation.

2.3.3 Performance of the NSE, DE, and NSDE
under the bumpy excitation

The isolation performance of the NSE, DE, and NS-
DEwas also evaluated under the bumpy excitation of the
vehicle floor in Fig. 2(c). The simulation results of the
seat suspension deformation and driver’s seat acceleration
are plotted in Figs. 11(a) and 11(b).
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Fig.11 Simulation results under the bumpy excitation.
(a) Suspension deformation; (b) Seat acceleration

Similarly, Fig. 11 (a) shows that the seat suspension
deformation with the DE is lower than that of the NSE,
and the seat suspension deformation with the NSDE is the
smallest. Conversely, Fig. 11(b) indicates that the seat
acceleration with the DE is slightly decreased compared to
the TDSS, whereas it is greatly decreased by the NSE and
NSDE. Hence, the DE is also ineffective under the
bumpy excitation. Therefore, the DE should also be ig-
nored, and the optimal damping coefficient ¢ of the TDSS
and optimal NSE should be applied to improve the
driver’s ride comfort under the bumpy excitation.

3 Conclusions

1) The sensitivity of the geometric dimension ratios
(a, and «,), stiffness parameter (k), and stiffness ratio
(B,) of the NSE and NSDE greatly affect the seat suspen-
sion deformation and driver’s seat acceleration. Converse-
ly, the DE’s design parameters insignificantly affect the
seat suspension deformation and driver’s seat accelera-
tion.

2) With the design parameters of the NSE, DE, and
NSDE optimized under the random excitation of the vehi-
cle floor, the research result shows that the damping force
generated by the DE is very small in comparison with the
restoring force generated by the NSE under random exci-
tation and combined harmonic excitation. Therefore, the
DE added in the TDSS is not effective in reducing the
seat suspension deformation and improving the driver’s
ride comfort.

3) The NSE added into the TDSS greatly improves the
ride comfort of the driver’s seat. However, the NSE in-
significantly improves the seat suspension deformation.
To improve the driver’s ride comfort and seat suspension
deformation, the TDSS should be added by the NSE,
whereas the damping coefficient ¢ of the TDSS should be
optimized or controlled. This is also the reason why the
NSE was studied and added in TDSS, while the damping
coefficient ¢ of the TDSS was also independently con-
trolled in the existing studies. However, combining the
NSE and controlled damping coefficient for the TDSS has
not been considered. Thus, this issue needs to be further
studied in future works.
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