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In this study, the configuration of a five-degree-of-freedom vehicle model with four-wheel-
independent-controllable suspension (4WICS) is introduced. By taking into account the vertical
road and lateral excitations generated from the tire effect, a full-vehicle dynamical model is
constructed by space force analysis. The model can be set up using vibrational sensors with the
appropriate arrangement for experiments. In this model, on the basis of the kinetic relationships
between the locations of the four wheels and the center of the vehicle sprung mass, the ratio
relationships of coupling dynamics between one full-vehicle controller and four quarter-vehicle
controllers are deduced. Using the introduced dynamical model, we propose the 4WICS control
framework on the basis of a hierarchical modeling control method, which consists of a center
control layer and four local control layers. The results show that the system responses become
rapid and the ride comfort is enhanced. Moreover, owing to the realization of the parallel
computation of four local control layers, the vehicle handling properties are improved.

1. Introduction

A vehicle suspension system with good performance should not only support the total weight,
but also effectively reduce the impact of external excitations and improve adhesion between
the wheels and the road. In recent decades, with the development of many new technologies
and achievements, active and semiactive suspensions have been applied successively. Several
advanced control schemes, such as optimal control,?) adaptive control,®> fault-tolerant
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control, robust event-triggered control,

fuzzy control,!*¥ fuzzy logic control!>) neuro-fuzzy contro
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adaptive back-stepping
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proposed.??)

By considering a full-vehicle model, Chen et al. presented an efficient optimal scheme
to solve a passive mechanical control problem.) However, practical vehicle suspension
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adaptive control schemes for tackling unknown nonlinearities in vehicle active suspensions
were proposed.(z’s) In addition, in the presence of actuator faults, model uncertainties, and
parameter variations, fault-tolerant control strategies were developed on the basis of the sliding
mode method,” finite-frequency constraints,®) and output feedback control.®? Recently, a
robust event-triggered control system!®!") has been investigated under parameter uncertainties
in the active suspension system of vehicles. In such systems, an event-triggered communicated
mechanism is applied to determine which appropriate control input is to be updated according
to the suspension system dynamic evolution. The dynamic programming approach(lz) with
adaptive optimal control is used to achieve performance requirements, such as ride comfort,
suspension space limitation, and road holding.

With the desired performance taken into account, the Takagu—Sugeno (TS) fuzzy model
was established for uncertain vehicle suspension systems. Then, the parallel-distributed
compensation scheme was used for evaluating active suspension controllers.>!¥  The
neuro-fuzzy control,"®'® which combines the fuzzy logic and neural network with the
wavelet technique, was proposed to improve the dynamic response based on a nonlinear full-
vehicle active suspension system. For active suspension systems with nonlinearity, system
uncertainties, and external disturbance, such as unknown road profiles, state-observer-based
sliding mode controllers®' ¥ were proposed. Moreover, adaptive back-stepping control!>>?
was also developed by introducing a virtual input control signal to stabilize state errors.

In previous works, the vehicle suspension control system was taken into consideration by
utilizing two-degree-of-freedom (2-DOF) models (sprung and unsprung mass models)>!%:11:22:23)
or the half-vehicle model.'” Despite these many achievements, in our present study, we
developed a novel 5-DOF vehicle model with a four-wheel-independent-controllable suspension
(AWICS) for solving the control problem of a vehicle suspension system. On the basis of
4WICS, a full-vehicle dynamical model was constructed by space force analysis, taking into
account the vertical road and lateral excitations generated from the tire effect. Since various
smart sensors and microprocessors have emerged for the vehicle suspension system, many
signals such as displacements and velocities are available.'%?%  The system parameters of a
full-vehicle dynamical model can be analyzed using system identification technologies.*> 2%
Thus, the following model of 4WICS that we introduced can be set up using sensors with the
appropriate experimental arrangement.

The concept of 4WICS stems from the sprung mass variation of a quarter-vehicle suspension.
The determination of the sprung mass still depends on the sophistication and accuracy of the
proposed strategies.>>?® The sprung masses of a full-vehicle suspension and quarter-vehicle
suspensions are related and show dynamical coupling relationships. If the coupling ratio
relationships between a full-vehicle suspension and quarter-vehicle suspensions are solved, each
sprung mass of a quarter-vehicle suspension can be determined under any condition. Therefore,
each quarter-vehicle suspension can be treated as an independent controllable unit. In this study,
a vehicle suspension system model, 4WICS, which may be simpler than a traditional vehicle
suspension model, was constructed. Then, a hierarchical modeling control configuration, which
consists of a center control layer and four local control layers, was proposed to achieve a higher
vehicle suspension performance. This hierarchical modeling control configuration has the
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advantage that it realizes parallel computations for controlled variables of four quarter-vehicle
suspensions.

The rest of this paper is organized as follows. In Sect. 2, the dynamic decoupling analysis
of the full-vehicle model is given. The 4WICS control framework based on a hierarchical
modeling control is introduced in Sect. 3. In Sect. 4, we present numerical case studies and
comparison validation carried out to demonstrate the effectiveness and suitability of the main
results obtained. Finally, conclusions are given in Sect. 5.

2. Dynamic Decoupling Analysis
2.1 Before decoupling

Considering the mutual effects of vertical and lateral forces from the tire, a full-vehicle
model with 14 DOFs is adopted and shown in Fig. 1. x, y, and z represent the longitudinal,
lateral, and vertical directions, respectively. The 14 DOFs are four vertical and four lateral
DOFs at four unsprung masses; five DOFs at the center of the sprung mass, i.e., vertical, lateral,
pitch angle, roll angle, and yaw angle motions; and one vertical DOF at the driver system.

It is clear that the above traditional full-vehicle model cannot be utilized to obtain the
coupling relationships between the full- and quarter-vehicle suspensions. Considering the ratio
relationships among the oscillation motions of the full-vehicle body, the sprung mass, and the
force supported by each wheel system, the lateral and yaw angle motions at the center of the full
sprung mass will emerge. If the relationships between a full-vehicle suspension and quarter-
vehicle suspensions are taken into account, the mutual interactions of full-vehicle vibration
motions, the sprung mass, and the force supported by each wheel system should be studied
further. The space force analysis of the sprung mass of the full-vehicle suspension is shown in
Fig. 2.

Fig. 1. Vehicle model with 14 DOFs.
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Fig. 2. Force analysis in space for vehicle suspension sprung mass.

In Fig. 2, the spring, damping, and controllable output forces of each wheel system are
combined as a concentrated force, and the spring and damping forces of the driver system are
also simplified as a concentrated force. The dynamic equations of the full sprung mass, Egs. (1)—(5),
are obtained in terms of the vertical motion z., lateral motion y., pitch angle 6., roll angle ¢,
and yaw angle ¢, of the mass center.

MeZe=Fi, + I, + 15, + Fy, = F) M
m.y.=F, +F, + F3, + Fy, )
L,0.==1;F. =1 Fy, +1.Fy, +1,Fy, + 4 F, 3)
Lip=hF. —LFy. +hFy, —LFy. +5F, *)
Lo~ By + 1 Fyy =1 F, =1 Fy, ©)

To reformulate the dynamical equations, the resultant forces F;, i = 1, 2, 3, 4 are defined as
follows. The given coefficients 4;, i, j = 1, 2, 3, 4, 5 are shown in detail in the appendix.

F = A AmcEe + Jpdm, 5o + 23200 + 4 Ad o6+ AysAdL, (6)

Fy = Am Z, + ppAm, Y, + AQBM’[yéc + 224)“[x¢.c + sAL @, (7

F3 = ]’31/1mc2c + 132ﬁ'mcj}c + 133/1[)/9; + 134i[x¢.c + ﬁ'35£“lz¢c ®)
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Fy = A Aim Ze + Agp A e + Aus A0 + Aus 2L + Ags AL e ©)

Fp =AsiAm Z. + AspAm, j + ﬂSSJ’Iyéc + 2'54119650 + 45541, (10)

If the acting forces Fiz, Fyy, i =1, 2, 3, 4 in Egs. (1)—(5) are treated as two-component forces,
the resultant forces Fj, i = 1, 2, 3, 4 given in Eqs. (6)—(10) are replaced by the two-component
forces.

Along the z direction, the relationships of vertical displacements between the center of the
sprung mass and each corner are obtained from the geometric relationship as follows.

Zey =2z — 0. + 14, (11)
zey =2 =170, =L@, (12)
ze3 =z +1,0, + 14, (13)
Ze4 = Ze + 1,0, = Lo, (14)
Zep =—Z +1,0,. + 9. (15)

By substituting Eq. (6) into Eq. (1), multiplying by /. then subtracting from Eq. (3), we
obtain

melyZey +mel 1,6, = 1,6, =mel, g, =(1p +1, ) Fiz + (1 +1, ) Foz = (L +14) Fpe - (16)
By adding the product of Eq. (16) and /> to the product of Eq. (4) and (/-+ /,), we obtain

Ml b2 +mel (11,0, = 1,10, —mchlog, + 1, (1 +1,) ¢, =

(2p 40 )t + D) R+ (1 + 0 0Py (1 +0, )b Fy (4 + L)L F, + (1 +1, ) 5F,. "

By similar procedures, we obtain

melhZep +mel b8, = 1,06, +melhbg, — 1 (1, +1. )6 =

(1r +8 )t + L) Fos = (1 + 1 )i Py + (1 + 1, ) Fy = (1 + L) hE, = (1 +1,)5F,, "

mel ploZ ey —mel (10, + 1,10, = m b + 1 (1 +1, ) =

(lf+lr)llFlZ—(lf+lr)le22+(lf+lr)(ll+12)F32—(Zf—l4)lep+(lf+lr)l3Fp, (19
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mJM@wﬂmQM@ﬁJMQ+mJMb@—QUfH”@:

0)
~(lp + 1 W F + (L + 1) Fo + (1 + 1) (h+ b ) Fyz = (1 =L )hE, = (1 +1, )5F,.
Adding Eq. (17) to Eq. (20) gives
My Zep +MpZep +M3Ze3 +MegZeg =F, + oy + B3, + Fy, — F), (#2))
where
1.1,
m, = m,, (22)
() )
11,
m., = m,., 23
2 (140 )(h+h) *)
11
2
m. = m., 24
< (1 +0,)(h+h) -

Mea = (1, +2,)(h +12)mc

The sum of Egs. (19) and (16) is multiplied by /., then the result is then subtracted from the
sum of Egs. (17) and (18) multiplied by /5 yielding

11, =—1,F! 1 F)t +1,F. +1,F}. +1,F,, (26)

where Fiy = Fy; =myZey, Fop = Fyp —MepZey, F3; = F3, —meaZes, Fy = Fyy —megZey, and
h _
[y —Iy —mclflr.
Similarly, the sum of Egs. (17) and (19) is multiplied by /;, then the result is then subtracted
from the sum of Egs. (18) and (20) multiplied by /5, giving

11§, =L R — L F + L F - R+ LF P> 27)

where FY' = . —muZ/2, F3Y = Py, —=moZe |2, Bl = Fy. —mez 3 /2, i =Fys —mesZes )2,
and I =1, —m 41, /2.

Along the y direction, the relationships of lateral displacements between the center of the
sprung mass and each corner can be obtained from the geometric relationship as follows.
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Ye1 = Ve + 1@ + 114, (28)
V2 = Vet =L, (29)
Ye3 = Ve =L@ + g, (30)
Yea = Ve =L@ —hho, 31)

Substituting Egs. (28)—(31) into Egs. (2)—(5), respectively, gives
My Vo) +MeaVep + M3 V3 TMegVes =By + Foy + 3+ Fy (32)

h h h h h
Izgpc:lfFiy+lfF2y_lrF3y_lrF4y, (33)

where Fl})l/ = Fly _mclj}clﬂ FZhy =F2y _mc2j}02, F3hy = F3y _mc3j}c3a F4hy = F4y _mc4j}c4> and
1=1,-mdl,l,.

The derived results indicate that Egs. (21), (26), (27), (32), and (33) have similar forms to Egs.
(D—(5), respectively. However, the original sprung mass of a full vehicle is substituted by four
sprung masses of quarter vehicles. Moreover, if /r= /. and /; = [, the mathematical expressions
for the decoupling sprung masses show that m.1, m, m.3, and m4 are a quarter of m.. If [r# I,
and /1 # I, the ratio relationships between a full vehicle and four quarter vehicles can still be
determined. A full vehicle could be seen as a combination of four quarter vehicles. The five
motions of the full-vehicle sprung mass center are equivalent to the four vertical motions and
one lateral motion of the quarter-vehicle suspension sprung masses. Therefore, we suppose
that without the connective coupling actions, a full sprung mass can be decomposed into four
sprung masses of quarter vehicles.

2.2 After decoupling

Owing to the effectiveness of a continuous sprung mass, each quarter-vehicle sprung mass is
incorporated into internal coupling actions. Considering that each quarter-vehicle sprung mass
is independent and lacks the limitations of other adjacent sprung masses, the vertical and lateral
positions of each decoupled quarter-vehicle sprung mass can be changed. In the following
process of removing adjacent constraints, the vertical and lateral displacement variables of each
sprung mass supported by each wheel system are Az, and Az, and the vertical and lateral
displacement variables of each sprung mass without restrictions are z; and y;, respectively. In
the z direction, the vertical relationships of the sprung mass displacement of wheel 1 are given
as follows.
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M2y =y, —mgAZy
Azy=z1-24
By using the geometric relationship of Eq. (11), we obtain

cos 1. e L
ylﬂ_zzc+§ec_§1¢6'

AZ

cl

cl

(34)

(35)

(36)

The vertical relationships of the sprung mass displacements of the other wheel systems are

shown as follows.
MepZy =Fp, —mpAZoy
Az =2y =24
me3Zy =F3, +m3AZy
Az3=z3-23
MegZy =Fy, +megAZoy
Azog=z4—24

Similarly, we obtain

. COSYp 1., lp. L
AZ.,= F——=Z. +26.+=¢,,
Ze2 2mc2 2 ye Ty e 2¢c
.. A 1. L L
AZ 5 =— B+=zZ +L16,+—
ZC3 2mc3 3 2ZC 2 C 2 ¢C s
. COS Yy 1. L. -
AZ.4=— Fy+=2.+L6.—=¢,.
Zc4 2mc4 4 2Zc PR ¢c

(37)

(3%)

(39)

(40)

1)

42)

43)

44)

45)

In the y direction, the lateral relationships of the sprung mass displacement of wheel 1 are

given as follows.

MV =Fp, —mAye

(46)
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Ay =n—Yea (47)

By using the geometric relationship of Eq. (28), we obtain

. siny 1. Iy L+
A = F-—=v —L o —2L
Yel 2m61 1 2yc P De P ¢c= (48)
. siny, 1. Iy Ly
A, =— Fy+—j,+2L¢. -2
Ye2 2mc2 2 zyc 2 De 2 ¢c> (49)

_sinys 1 L. I

ADa= F_t3 4 b
yC3 2mc3 3 2 yC 2 ¢C 2 ¢C s (50)
.. Sil’l}/4 1.. l}’ . 12 N
Ay =— Fy+=5,—L¢.—24,..
Yea 2mc4 4 ) Ye P Pe ) ¢c (&)

Accordingly, the position variations of unsprung masses should be considered. The ordered
vertical and lateral displacements of each unsprung mass are assigned the variables Az,; and
Ay, in the process of removing adjacent constraints, and the vertical and lateral displacements
of each unsprung mass after decoupling are assigned the variables Z:i and y;i, respectively.
The relationships of the vertical and lateral directions of the unsprung mass displacements of
wheel 1 are given as follows.

Az, = Z::l ~Zy (52)

AVt = Y1 = Vi (53)

The vertical dynamic balance equations of the unsprung mass displacement for wheel 1
before and after decoupling are as follows.

M1z = kot (Ze1 = 2u1 ) + 1 (21 = Zu1 ) = Kot (201 = Ze1 ) = 1421 (54)
My1Zy1 = ki (21 —Zyl ) +on (Zl —Zyl ) —k (Zul —Ze ) —Uy (55)
Equations (54) and (55) are subtracted from each other and substituted into Eq. (52), yielding

mulA .Z.ul + C?]lA ch — (kul + kml )Azul = CI]lA Z.ul — kmlA Ze - (56)
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The lateral motion results of the unsprung mass for wheel 1 can be obtained similarly to the
vertical ones.

My A Yy + A Vg + (kg + kot ) A Yt =k Ay + A ey (57)

Similarly, the vertical and lateral motion results of other unsprung masses are obtained as
follows.

Mz + A zey = (ko + ko ) Az = €A 20 =k Az (58)
Mo A Pyp + ol Yoo = (kya + ko ) A Vo = oA Yo = kA yeo (59)
M3AZ,5+ Az, + (km3 +k,3 )Azu3 =3z + 3z (60)
My 3A V3 + 3 V3 + (ks + o3 ) A Vs = k3 A yes + 630 3 (61)
Mg Zyg + CraDZyg + (Kopa + kg ) A Zyg = kA zog +Cpalzey (62)
Myg Vg + Cpal Pya + (ks + ks ) A Vs = kpaAyea +Cpalh Yoy (63)

According to the above deductions of sprung and unsprung masses in the decoupling
process, a full-vehicle model under vertical and lateral road excitations is theoretically treated as
a combination of four parallel quarter-vehicle models. Furthermore, each quarter-vehicle model
can be decomposed into vertical and lateral quarter-vehicle suspension models with two DOFs.
The above treatment is not only helpful to future quantitative studies of theory and testing, but
also forms a new parallel control model of quarter-vehicle systems.

3. 4WICS Control Framework Based on Hierarchical Modeling Method

Since a full-vehicle model is transformed into four parallel quarter-vehicle models, the
vibration control for a full vehicle is turned into parallel controls of four quarter vehicles. The
4WICS control framework based on a hierarchical modeling method can be developed in this
way. The hierarchical modeling method in this work is the use of a double-layer model based
on the process of decoupling a full vehicle. The model contains a center control layer and four
local control layers. The center control layer is constructed using an algorithm based on the
coupling relationships between a full vehicle and four quarter vehicles. The goal of the center
control layer is to stabilize five control variables, namely, the vertical, lateral, pitch angle, roll
angle, and yaw angle vibrations of the whole vehicle system, to ensure ride comfort and driving
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stability. Four local control layers correspond to four parallel quarter vehicles. The goal of
each local control is to develop a certain control strategy to make the actual movement of each
quarter-vehicle sprung mass approach the pre-estimated value. The hierarchical modeling
method is realized by a model reference adaptive control mechanism. The relationships
between the center control and the local controls are shown in Fig. 3.

The operating procedures for the center control layer in the hierarchical modeling method are
as follows. (A) The five pre-estimated values of a full-vehicle sprung mass center, namely, the
vertical, lateral, pitch angle, roll angle, and yaw angle accelerations, are determined according
to the vertical and lateral excitations. The given range of the above pre-estimated values will
not statistically exceed 99.7% of their minimum values while satisfying the requirements of

5 <130, (64)
y.<1/30,, (65)
0.<1/30;, (66)
é.<1/30,, 67)
¢, <1/30s, 69)

Drive System.

¢

Center Control.

[ i i i

Local Control 1. Local Control 2. Local Control 3. Local Control 4.

o=l (ae=

Control k | u Control kmé“c ’:j uz o
Strategy.|" mf Cp[! U [ strategy.| | 7
{

mul !

Control km;c”}:;l 1,| Control
«| Strategy. Strategy-

ul

Fig. 3.  Hierarchical modeling control framework.
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where o1, 03, 03, 04, and o5 are the intermediate variables formulated according to the vertical
and lateral excitations as follows.

01=0.6(z01 +Zep +Ze3 + Zea ) 417 ©69)

02 =0.6(Ve1 + V2 + Ves + Ve )/ (427 (70)

. 0.6{tan—1 [(zes + 7ea) = (2 +2e2) ] [ 2(1 +1, )}} /tsz 1)
4= 0.6{tan—1 (1 (zes =2) o (22 =) ) [ (1 +4,) 0+ )]} /tg 72)

o5 =0.6{tan™! [ (ver = ver ) = (vea =vis) /(1 +1, )} / H (73)

(B) The pre-estimated values of F1, F», F3, F4, and Fs are obtained from the values of Z¢, Ve, 6.,
¢c and @. using Egs. (6)—(10). According to Eq. (36), Egs. (43)—(45), and Egs. (48)—(51), the
pre-estimated values from Az, to AZ_4 and from Ay, to A4 can be calculated. The pre-
estimated values from Z, to Z.4 and from j to j ., are also ascertained using Eqs. (11)—(14)
and Egs. (28)—(31), respectively. On the basis of the above results, the pre-estimated values
of y;, Z;, i = 1, 2, 3, 4 J4 can be obtained. (C) The pre-estimated values are transferred to
local control layers, from Zj to Z4 and from J; to y4. (D) The actual motion values of the four
quarter vehicles are acquired. (E) The reverse process is carried out. The actual motions of
the four corners from AZ, to AZ.4 and from Ay to Ay, 4 are provided. The actual motions
of a full-vehicle sprung mass center with vertical, lateral, pitch angle, roll angle, and yaw angle
accelerations can be obtained.

The operating procedures for each local control layer in the hierarchical modeling method
are as follows. (a) The pre-estimated vertical and lateral sprung mass accelerations from the
center control layer are obtained. (b) Because most vehicle dampers and springs are mounted
vertically, the vertical vibration is controlled. When the pre-estimated movement of the sprung
mass is determined, the vertical control volume Uz can be calculated using a certain control
strategy and a state-space equation of a quarter-vehicle suspension model with 2 DOFs. Then,
the required controllable force can be exerted. Consequently, the actual accelerations of the
sprung and unsprung masses are acquired. (c) The error between the theoretical and actual
control volumes in the current round is calculated and compensated for in the next round.
(d) The actual vibration excitation values of the sprung mass to the center control layer are
provided.



Sensors and Materials, Vol. 32, No. 5 (2020) 1661

4. Results of Case Studies and Discussion

In this section, we report case studies performed to verify the effectiveness of the 4WICS
based on the hierarchical modeling method for a full-vehicle system. Table 1 shows the
vehicle system parameters used for simulation and comparison with the traditional full-vehicle
suspension with the driver system reported previously.(29’30)

Because most vehicle dampers and springs are vertically mounted, the vertical impacts of
the road are minimized. The vertical, pitch angle, and roll angle accelerations of the full vehicle
are selected to be the performance indexes. Moreover, the lateral excitations generated by the
tire effect usually have small values, whereas the lateral and yaw angle accelerations of the full
vehicle remain to some extent. Thus, the lateral excitations are utilized to obtain the vertical
characteristics of the full suspension because they are not notable when the vehicle is moving in
a uniform, straight trajectory. Under the small-angle condition, siny; =y;, cosy;=1,y; (=1, 2, 3, 4),
the local control should only execute vertical control for the suspension model with 2 DOFs.
The computation process for 4WICS based on the hierarchical modeling method is presented in
Fig. 4.

The simulation results of cases tested for 4WICS based on hierarchical modeling control
are compared with the results in Ref. 30. Some test settings and options are similarly adopted
in advance. First, four active control dampers are employed in four-wheel systems. The
suspension travel range is £0.1 m. The tire deflection range is from —0.1 to 0.1 m. Some
sophisticated blocks of the control strategies in the Matlab software environment are applied.
The robust P-systems and linear quadratic Gaussian (LQG) algorithm are operated in the front
and rear local layer systems, respectively.

The sampling time for road excitation is 0.02 s and the continuous waves generated by road
roughness are used for the computation of the full-vehicle suspension vibration. However,
owing to different calculation times required for finishing a round control in the hierarchical
modeling control method, the CPU time for the current round control is combined with road
continuous waves to obtain the next data for road roughness in the interpolation for the next
round control. The computation is carried out on a computer with an 8 GHz CPU and 16 GB
memory, and programmed in the environment of the 18th edition of Matlab software. Lateral

Table 1
System parameters of a vehicle system.
Name Value Unit Name Value Unit
my 75 kg Ci3s Cyd 1620 N-s/m
cp 12829 N-s/m kmty ko 19960 N/m
kp 8791 N/m fem3s kma 17500 N/m
me 730 kg kut, ko 175500 N/m
I, 1230 kgm? ku ko 175500 N/m
I 1230 kg'm? Iy 1.011 m
L 460 kgm? I 1.803 m
Myl, My2 40 kg L, 0.761 m
my3, My 35.5 kg I8} 0.755 m
Cyls Cp2 1290 N-s/m Iy 0.755 m
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START

/ Input full-vehicle suspension performance, sampling frequency, road excitations /
I

I Obtain pre-established ideal vibration of full-vehicle suspension sprung mass center |

—

| Obtain forces from four-wheel systems and driver system acting on full-vehicle sprung mass I

Adjust o, for
next round

e

| Acquire pre-established vertical accelerations of four corners of full-vehicle sprung mass |

.

I Gain pre-estimated vertical acceleration variations of four corners of sprung mass |

k<

Decoupled pre-estimated
vertical acceleration of the
quarter-vehicle suspension

sprung mass of No. 1

v

Solve state-space equation of]
vertical quarter-vehicle
suspension with 2 DOFs

\’

Provide controllable force

v

Determine actual vertical

Decoupled pre-estimated
vertical acceleration of the
quarter-vehicle suspension

sprung mass of No. 4

N

Decoupled pre-estimated
vertical acceleration of the
quarter-vehicle suspension

sprung mass of No. 3

!

Solve state-space equation of] ! t
vertical quarter-vehicle vertical quarter-vehicle
suspension with 2 DOFs suspension with 2 DOFs

i=}
S
|53
[=%
i : Vi
© || Provide controllable force

v

Determine actual vertical

Decoupled pre-estimated
vertical acceleration of the
quarter-vehicle suspension

sprung mass of No. 2

v

Solve state-space equation of]|
vertical quarter-vehicle
suspension with 2 DOFs

\

Provide controllable force

v

1 Determine actual vertical I I
acceleration of sprung mass acceleration of sprung mass acceleration of sprung mass acceleration of sprung mass

N i N N N - - N
Difference in Difference in Difference in Difference in
acceleration? acceleration? acceleration? acceleration?
W R R R

| Gain actual vertical acceleration variations of four corners of sprung mass ]

Solve state-space equation of]

compensation
compensation
compensation

Provide controllable force

v

Determine actual vertical

I Acquire actual vertical accelerations of four corners of full sprung mass ]

\!

I Obtain vibration status of full suspension sprung mass |

Difference between pre-estimated and
actual values?

/ Output full suspension vibration performance /

END

Fig. 4. Computation process for hierarchical modeling control.

tire forces are given by the tire magic formula. Since the lateral tire forces are smaller than
vertical forces and hardly decrease owing to the high stiffness and weak damper in the lateral
direction, the lateral forces Fj, are substituted with the lateral tire forces to simplify the
computation. In the following, the case studies are divided into three categories, namely, bump
response, road response, and computation time, to verify the performance of 4WICS on the
basis of hierarchical modeling control.
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4.1 Comparison of bump response

To investigate the transient response of a car passing a bump under the active control of
4WICS, vertical sinusoidal pulse excitations with amplitudes of 0.095 m are adopted. The
vehicle speed is 30 km/h. The motion responses of a full vehicle through the obstacle are
presented in Figs. 5-8. In these figures, the continuous and dotted lines respectively correspond
to 4WICS and traditional active vibration control results.

Figures 58 show that the vibration responses of accelerations for a whole car moving under
the control of 4WICS are lower than those under the traditional active vibration control when
the full suspension encounters sinusoidal pulse excitation. On the other hand, the response
speed of the 4WICS control is significantly higher and returns to the steady state more rapidly
than under the traditional active vibration. The entire period of sinusoidal bounces is 0.4 s. The
results for the 4WICS control show that the vibration response returns to the steady state in 0.5 s.
The recovery rate is 1.25, which is comparable to 1.375 in Ref. 30, indicating that 4WICS shows
a slightly higher performance. Owing to the shortened calculation time for control variables
and the higher response speed during the parallel running of four controllable local layers under
4WICS control, the vehicle ride comfort and driving stability will be improved rapidly when
encountering obstacles.

2 4 ‘
—4WICS g i —4WICS
« | R R e Traditional N Traditional
%) R i
2 S
T ©
o g0
T) 3
2 g
< w2+
5 - o
2 5
£ >
a 4
o1 1.5 2 0 0.5 1 1.5 2
Time/s Time /' s
Fig. 5. (Color online) Driver acceleration. Fig. 6. (Color online) Bounce acceleration.
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Fig. 7. (Color online) Pitch acceleration. Fig. 8. (Color online) Roll acceleration.
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4.2 Comparison of road response

The excitation on a C-grade road is considered. Du et al. used the power spectral density (PSD)
expression for road disturbance generated in the time domain.?” Figure 9 shows the C-grade
road roughness under each wheel at a vehicle speed of 60 km/h.

Spectral analysis was carried out to compare the root-mean-square (RMS) acceleration
between the 4WICS control and the traditional active vibration control, the results of which
are shown in Figs. 10—13. In these figures, the continuous and dotted lines correspond to the
4WICS and traditional active vibration control results, respectively.

Figure 10 shows peak accelerations of 0.235 and 0.316 m/s> at 1.05 and 1.2 Hz for the
4WICS and traditional active vibration controls, respectively. The decrease in the driver’s
vertical acceleration peak is approximately 25.6% for the 4WICS control compared with the
traditional active vibration control. Additionally, the second peak accelerations for the 4WICS
and traditional active vibration controls are 0.2 and 0.23 m/sz, which occurred at 5.6 and 5.8 Hz,
respectively. The decrease is about 13.0% for the 4WICS control compared with the traditional
active vibration control. Figure 11 shows the vertical accelerations of the sprung mass center at
different frequencies. The acceleration peaks are 0.50 and 0.44 m/s’ for the traditional active
vibration control and 0.40 and 0.32 m/s® for the 4WICS control at 0.9 and 1.2 Hz, respectively.
Note that the acceleration for the 4WICS control is higher than that for the traditional active
vibration control at 6 Hz. Figure 12 shows that the pitch acceleration peak for the 4WICS
control is lower than that for the traditional active vibration control in the frequency range from
1 to 6.5 Hz. Figure 13 shows that the maximum roll acceleration is reduced by 17% at 1.2 Hz,
58.2% at 1.9 Hz, 36% at 2.5 Hz, 12.4% at 4.5 Hz, and 90.8% at 5.8 Hz.
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Fig. 9. (Color online) C-grade road roughness.
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Generally, the RMS accelerations in the frequency range in which humans are sensitive
(1-10 Hz), have mostly been decreased. Although some 4WICS control values at integer
frequencies are higher than the traditional control values, the absolute values at these
frequencies remain smaller than the uncontrolled values.®*? The integer frequencies are

shown in Table 2, where Comparison (%) is defined by 4WICS — Traditional)/Traditional.
4.3 Comparison of computation time

The CPU computation times of the 4WICS and traditional active controls for a whole
vehicle are investigated. Two hundred road excitation data points are used for computation
and comparison. The total time of 200 cycles when employing 4WICS is 1.163 and that for
the traditional method is 3.954 s. Thus, the computation time is reduced by 70.6% for the
4WICS control compared with the traditional control. Owing to the simplification of the
full-vehicle model, the computations for full-vehicle traditional control involve four parallel
computations for the local layers. A short computation time means a rapid control response. It
is also revealed that a perfect control system could be realized by collecting more detailed road
information. In addition, the parallel control of four quarter suspensions is particularly suitable
for an in-wheel motor-driven electric vehicle and four-wheel-independent-controllable vehicles.
Therefore, 4WICS control based on the hierarchical modeling method is useful for improving
the performance of a full-vehicle suspension.
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Table 2
RMS values at sensitive frequency points.
Driver Vertical Pitch Roll
4WICS 0.1850 0.2597 0.0693 0.1855
1 Hz Traditional 0.1657 0.2967 0.1062 0.2260
Comparison % 58.801 12.47) 34.75] 17.92]
4WICS 0.0275 0.0475 0.0087 0.0337
2 Hz Traditional 0.0198 0.1275 0.0358 0.0314
Comparison % 38.891 62.75] 75.70] 7.3251
4WICS 0.0097 0.0542 0.0055 0.0054
3 Hz Traditional 0.0023 0.0718 0.0039 0.0017
Comparison % 321.77 24.51] 52.781 217.71
4WICS 0.0074 0.0510 0.0151 0.0036
4 Hz Traditional 0.0046 0.2326 0.0915 0.0040
Comparison % 60.871 78.07] 83.50] 10.00]
4WICS 0.0563 0.0436 0.0859 0.0224
5Hz Traditional 0.0464 0.0385 0.0246 0.0360
Comparison % 21.341 13.257 249.21 37.78]
4WICS 0.0263 0.2946 0.0015 0.0024
6 Hz Traditional 0.0348 0.0407 0.0102 0.0199
Comparison % 24.43| 623.81 85.29] 87.94]
4WICS 0.0349 0.0757 0.0142 0.0559
7Hz Traditional 0.0075 0.0349 0.0015 0.0043
Comparison % 365.31 116.91 846.71 120071
4WICS 0.0506 0.0179 0.0391 0.0078
8 Hz Traditional 0.0121 0.0182 0.0093 0.0068
Comparison % 318.27 1.648] 320.41 14.717
4WICS 0.0201 0.0023 0.0192 0.0054
9Hz Traditional 0.0205 0.0052 0.0014 0.0166
Comparison % 1.951] 55.77] 12717 67.47]
4WICS 0.0023 0.0076 0.0031 0.0037
10 Hz Traditional 0.0276 0.0415 0.0041 0.0127
Comparison % 91.67] 81.69] 24.39] 70.87|

5. Conclusion

The configuration of a 5-DOF vehicle model with 4WICS is introduced for space force
analysis. On the basis of the described dynamical model, which includes a center layer and
four controllable local layers, a hierarchical modeling control method is developed. The
computational process for the hierarchical modeling control is also addressed. Numerical
simulations and comparisons between the 4WICS control and traditional active vibration control
are carried out under the conditions of bump and C-grade road excitations. Owing to the use of
parallel computation for local layers in the hierarchical modeling control method, the calculation
time for the suspension performance is shortened and the system response also becomes rapid,
thereby realizing detailed and precise control in response to external excitations. Moreover, the
vehicle ride comfort and driving stability are also improved.
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