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ABSTRACT Dirivers of commercial vehicles are invariably subject to chronic diseases such as back pain
as a result of exposure to severe cabin excitations. In this paper, a six degrees of freedom (6-DOF) coupled
human-body and seat suspension system is modeled in order to reduce the vibrations transmitted to the head,
seat, and the relative seat and cabin floor displacement. The contributions of the present paper are: 1) two
significant but inherently conflicting control objectives are employed, namely the seat acceleration and the
relative displacement between seat and cabin floor to account for the effect of seat endstops, 2) A novel
learning rate gradient descent based neural network approximator algorithm coupled to an adaptive indirect
type-2 fuzzy neural network (T2FNN) controller to converge the controller to the ideal parameters of the
uncertain model. 3) The controller model takes into account the seat suspension nonlinearities due to the
nonlinear asymmetric piecewise damper and the cubic hardening of the suspension spring. The proposed
controller employs the principle of type-2 fuzzy systems with interval membership function and unknown
specifications. The effectiveness of the closed-loop system is validated regarding the uncertainties compared
to observer-based sliding mode controller (SMC) and a high-fidelity virtual lab MSC.ADAMS-Simulink

platform to validate the results in practical scenarios.

INDEX TERMS Human biodynamic model, adaptive control, seat suspension, random vibration.

I. INTRODUCTION

The prolonged occupational exposure and rough vibrations
continuously exerted to the cabin are the major causes of
chronic diseases, such as back pain, among the commer-
cial vehicle drivers. Driver fatigue, discomfort, and safety
have pushed the research towards improving the ride quality
through the primary and secondary suspensions [1], [2].
As a remedy to this drawback, the attention has been
paid to enhance the ride comfort by reducing the vibra-
tion transferred from the chassis to the driver. However,
the seat suspension system is the only means of reducing
the low-frequency and high-magnitude ride vibrations for a
wide range of commercial vehicles. Such low-frequency and
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high-magnitude vibrations aggravate the ride quality when
coincided with the driver’s primary resonance frequency.
Consequently, a generation of seat suspension systems is
introduced [3], [4], which are either semi-active systems
or active suspensions. However, a great body of research
has focused on vibration transmission and seat control con-
sidering a rigid dummy mass on the seat which does not
necessarily account for the real human body vibration [3].
Therefore, developing a mathematical model that includes the
biodynamic human body is essential in order to design a con-
trol schema for the mitigation of the transmitted vibrations
and to improve the safety.

The human body is optimally modeled through a high
fidelity multi-degree of freedom system, the lumped mass
models which involve the mass-damper-spring components
can be reasonably sufficient to represent the modulus and
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phase of the vertical seated human body characteristics
exposed to random vibration in an accurate manner [5], [6].
Although there are nonlinear body models employed to
investigate the effects of deformations, viscoelasticity, and
nonlinear stiffness, the linearized models are suggestive of
more reliable estimations depending on the validity of the
model parameters [7]. There have been extensive mathemati-
cal models developed including different DOFs to capture the
essential dynamics of a seated body subject to the vertically
oriented vibrations [8]. The developed lumped mass models,
however, typically suffer from the parametric uncertainties
which arise from the subject anthropometric variations and
can be drastically influenced by the mass variations.

Robust control has been the most commonly employed
controller technique for seat suspension systems [9]-[12];
although fuzzy control approach has shown a reasonable
capacity in the control of suspension systems [13]-[15]
together with sliding mode approach [16], [17]. A combined
seat-suspension model by employing 4-DOF human body
model was proposed to mitigate the driver head acceler-
ations using an Hy, state feedback controller. The devel-
oped controller provided a smooth ride with robustness in
terms of reduced driver head acceleration under typical road
disturbances [18]. Lathkar et al. [19] developed an active
seat suspension system with robustness to uncertainties and
external disturbances by incorporating the observer for the
state and disturbance using sliding mode control scheme.
The designed controller operated based on the seat posi-
tion measurement while a 4-DOF biodynamic model of the
seated body was employed for the analysis of developed
controller. The designed model, however, was a simplified
linear system tested on a relatively smooth road surface (ISO
class C), which does not typically impose high-frequency or
high-amplitude excitations. Furthermore, the control input
generated high-frequency component signals due to the chat-
tering phenomenon. Similarly, a terminal sliding mode con-
troller including the disturbance observer and state observer
was developed for the seat suspension control through an
integrated 6DOF seat and driver model [20]. Linear Matrix
Inequality (LMI) technique was also employed for the distur-
bance and state observers while a filter was designed in order
to achieve an enhanced observer performance. However,
such controllers could potentially fail to reach the actual
optimal performance and thereby it is essential to further
investigate the issues related to the improved performance
of sliding mode control (SMC) and ensure the robustness for
nonlinear active suspension systems [21]. Ning et al. [22],
proposed a two-layer multiple-DOF seat suspension includ-
ing a bottom-layer suspension for vertical vibration control
and a top-layer suspension with two independently controlled
rotational DOFs. Their approach is suggestive of the advan-
tage of independently controlling the vertical and fore-aft
vibrations but at the cost of further employing more than
three actuators and thereby a significant power demand.
Furthermore, the employed SMC control method may bring
about chattering and singularity problems. This is in addition
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to the major drawback of SMC which is its failure to provide
a nominal optimal performance for active suspension system
because the efficiency of these robust control schemes for the
seat suspension control can be reduced [21].

Fuzzy-neural network (FNN) systems have shown a great
capacity to deal with modeling and control of the complex
and nonlinear processes at a reasonably acceptable degree of
accuracy by employing the universal approximation capac-
ity [23], [24]. The primary advantage of fuzzy Takagi-Sugeno
based systems is the use of a set of local linear systems
through the associated membership functions that can handle
the nonlinear functions. The estimation procedure for any
nonlinear system may thus be performed satisfactorily. The
convergence of the error towards a small neighborhood of
origin and the bounded outputs are the major limitations of
the adaptive fuzzy control technique through output-feedback
when employed for the nonlinear and uncertain systems
[25], [26]. However, type-2 fuzzy systems exhibit an
enhanced efficiency when compared to the type-1 sys-
tems exposed to structured and unstructured uncertainties
[27], [28], mainly because the membership functions are
also described in a fuzzy manner. A type-2 fuzzy system is
defined by if-then rules while the antecedent or consequent
sets are also type-2 [29]. The adaptive fuzzy controllers can
be considered either as a direct or indirect method wherein
the later employs the fuzzy explanations to model the system
rather than directly employing the linguistic rules.

The reviewed literature reveals the following issues. The
robust control strategy is a commonly employed technique for
the seat suspension control owing to the considerable para-
metric uncertainties related to the gender and anthropometric
variability and the presence of external disturbances. The
commonly employed Hoo and SMC methods either suffer
from the failure to reach an actual optimal performance and
chattering and singularity problems. However, fuzzy type-2
can serve as a decent robust controller method to address the
uncertainty and external disturbances. Furthermore, most of
the studies in the literature have not considered the cabin exci-
tations for rough condition or through standardized methods
(ISO 7096) [31] and consideration of the weighted acceler-
ation of the human body (ISO 2631) [32] through the filter
design which underestimates the true transmitted accelera-
tions to the driver body. Finally, a novel learning rate gra-
dient descent-based neural network approximator algorithm
coupled to an adaptive indirect type-2 fuzzy neural network
(T2FNN) controller is employed for the asymptotic conver-
gence of the system states.

The rest of the paper is organized as follows. Section 1
formulates the problem and the required filters are designed
and modeled, transmissibility functions and PSD analysis
formulations are presented for the analysis in the frequency
domain. Section /II and IV are dedicated to the description of
the fuzzy type-2 neural network system and the design of the
proposed controller, respectively. The model is implemented
by employing a high-fidelity and virtual lab MSC.ADAMS
platform for the validation of the proposed controller for
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practical implementations. In section V, the results are pre-
sented and discussed and finally, section VI concludes the

paper.

Il. PROBLEM STATEMENT

The vertically oriented motions of the seat suspension and
human body segments are shown in Fig. 1 while the pitch
and roll motions of the body are ignored due to the negli-
gible contribution of these modes. The driver lumped mass
model includes different segments of the body. Furthermore,
the effect of road excitations on the seat frame is modeled
using a designed filter according to ISO 7096. Therefore,
a controller is proposed to mitigate the vibrations transferred
through the seat to the driver body. As can be appreciated
from Fig. 1, the human body is represented by four major
segments and the remaining parts are those of seat cushion
and seat frame. The coupled human-seat lumped mass model
parameters together with the nonlinear seat suspension com-
ponents are presented in Table 1. The human biodynamic
model through the lumped mass system was obtained from
series of experimental tests on human subjects [33]. The pro-
cedure completed by an optimization process applied to the
human body biodynamic testing data as the constraints, and
minimization of the error between the seat-to-head transmis-
sibility, driving-point mechanical impedance, and apparent
mass data. It is noteworthy that the role of lower legs and feet
has been ignored owing to the insignificant contributions to
the human body model and the effect of the arms is combined
with the upper torso. In the schematic model, {zi, ..., z¢}
denote the displacements of different parts, z( is the cabin
excitation, and u is the active control input of the seat sus-
pension system, respectively. The seat cushion is represented
through a set of springs and dampers elements whose char-
acteristics are constant. The governing mathematical model

Z)

Head & Neck my

Chest & Upper Torso m,

Lower Torso my

Thighs & Pelvis my

Seat Cushron ms

Cabin Floor

////// /

FIGURE 1. The coupled 6DOF human-body and seat suspension model.
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TABLE 1. The coupled human-seat lumped mass model parameters.

Mass (kg) Damping coefficient (Ns/m) Spring stiffness (N/m)
m; 5.31 c 400 ki 310000
m, 2849 ¢ 4750 k. 183000
m; 8.62 3 4585 ks 162800
my 1278 ¢4 2064 ks 90000
ms 1 Cs 200 ks 18000
mg 15 Coel 4830 Kel 29997
Coe2 6130 Kent 85000
Cocl 2450
Coc2 2500

* v, and v, are considered at 0.1156 m/s and 0.1164 mv/s, respectively.

describing the multi-segment driver model and the nonlinear
seat suspension system using a cubic hardening stiffness and
the nonlinear asymmetric piecewise damper is developed as
follows.

1= —op (@1 — 22) = 2010n (1 — 22) (1
% = Uiy (21 — 22) + 20 C1on (21 — 22)

—why (22— 23) — 200m (2 — 23) )
73 = O’y (22 — 23) + 20mowm (22 — 23)

— w2y (23 — 24) — 283003 (23 — 2) 3
24 = Omaw’s (23 — 24) + 20m3 303 (23 — 24)

— why (24 — 25) — 2040 (24 — 5) &
%5 = Vma>y (24 — 25) + 20malawna (24 — 25)

— whs (25 — 26) — 2¢5wns (25 — Z6) )]
%6 = Omswis (25 — 26) + 20msCswns (25 — Z6)

- m% [kél (26 — 20) — kent (6 — 20)° — Fa — u]

) (6)
2 i Ci m;

Wy = m’ &= Nﬁ Vi = m
i=1,2...,5 @)

where wp;, ¢; and ¥,,; denote the natural frequencies, damping
ratio and mass ratio, respectively. Furthermore, the nonlin-
ear asymmetric piecewise damping force generated by the
dampers are presented as follows.

Ceel (26 — 20) Ve <26 —20 <0
GbelVe + Coe2 (26 — 20)
6c1 (26 — 20)

be1Ve + Coc2 (26 — 20)

Fi= oo ®)

0<z—20 <vc

Ve <26 — 20

where cec2\C6e2, Coc1 and cgep represent the low and high
damping coefficients in the compression and rebound modes,
respectively with the corresponding transition velocities v,
and v,. The governing equations developed from (1) to (6)
can be rewritten in terms of the complex transmissibility func-
tions in order to describe the power spectral density (PSD) of
the transmitted vibration to different body segments in the
frequency domain. The transfer functions from the seat (z¢)
to any of the body segments could be determined by solving
the Laplace domain functions. The transfer functions from
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the seat to the Thighs and Pelvis (%) and to the head (7%)
are obtained as follows.

g Zals)
T (s) = Ze(s) E()G(s)
T (s) = Z]_(s) = A(s)B(s)D(s)E (s)G(s)
“ Zs(s)
Z — 7
Ty =@ = % =EsH -1 )

where, Zs(s), Z4(s), Z1(s), and Zy(s) represent the Laplace
transforms of z5(¢)z4(t), z1(¢), and zo(¢), and the remaining
Laplace functions are described by

Als) = w2 +2s§1wn1

52 + a) |+ 25C 1 on
B(s) = a)n2 + 258w

2 4 w2y + 258y + Ot (2, + 25¢ jwn1) + A(s)
D(s) = — 3 wi}' i 2“;(;”3

2+ Xy + 255303 + O (¢, + 25020m) f B(s)
EG)= 5= ot Mfw’” C

5%+ iy + 25C4wp4 + Vi3 ( ,%3 + 2s§3wn3) D(s)

52 4 wks + 25L50n5 + Vs (1<34 + 2540n4) + E(s)
(10)

where s denotes the Laplace parameter and may be substi-
tuted by jow where j = v/—1 in order to describe the functions
in the frequency domain. Considering the seat PSD, Sz, (w),
and based on the transfer functions to the head, TZZ6l (w),
and seat acceleration which is related to the force exerted to
the driver at the seat interface Tzzg‘ (w), and the relative seat

displacement, T 7% (w), PSD functions related to each of
these modes can be formulated by:

S:y (@) = | T2 (@) S, (@)
Sz, (@) = |T2 () Szﬁ ()
Ssy o @) = 157 @) 85, @)

= [ Sz () (11)

57 (w\— 1(
By introducing the above PSD functions, the root mean
square (RMS) accelerations at the seat, head and the rela-
tive seat displacement can be derived through the following
functions:

0% = /( Sz (w)dw, oz = /( Sz, (w) dow,
03y = \/ /( S5 (@ do (12)

However, one should note that the calculated acceleration
terms are those obtained from the weighted accelerations
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obtained from the filter design, where the total weighting
function is represented as follows

H (p) = Hy, () .H; (p) .H; (p) .Hs (p) (13)

where p = j2mp is the imaginary angular frequency, and the
complex function is described in the frequency domain where
the modulus and phase can be determined. Furthermore,
the product term Hj, (p) .H; (p) represents the band-limiting
transfer function and the product term H; (p) .H; (p) denotes
the actual weighting transfer function indicated by infinity
frequencies.

The modulus of the transfer functions can be further
described. The band-limiting two-pole filter with Butterworth
characteristics can be presented in terms of a high-pass and
low-pass functions as follows:

~2
~ o
[Hy (D) = | = " (14)
P2 +2pw1 + o}
and the low-pass term is represented by:
152
|H; (0)] = | = . 15)
P+ V2pw + @3

where w1 = 27nf], wy = 2nf> and f1 and f> are the corner
frequencies at 0.4 and 100 Hz, respectively. Furthermore,
the acceleration to velocity transition which is related to
acceleration at lower frequencies and relative to the velocity
at higher frequencies can be calculated from

0403 [,f{ + w3]

w3 [@ap? + /‘Zm + Qs3]

where w3 = 27 f3, w4 = 27%f4 and f3 and f4 are the{requencies
both at 12.5 Hz, and Q4 is the parameter of the transfer
function related to the overall frequency weighting and is
typically 0.63, respectively. Finally, the upward step which
is the steepness about 6 dB per octave and related to jerk and
can be described as

(16)

|H; (p)] = ‘

Q6 [055% + pws + Qsw?]
5 [Q6p> + pws + Qs ]

where ws = 2nfs, we| = 27fs and f5 and fg are the frequen-
cies at 2.37 and 3.35,\respectively, and Qs and Qg are the
parameters of the transfer function at 0.91, respectively. The
filter design for the cabin excitations are also presented for a
typical soil compacter commercial vehicle (EMS5, ISO 7096)
as follows based on the input spectral

EMS = 1.11 (HP24)? (LP6)? (18)

)

|Hs (0)| = ‘

where HP and LP designate the high-pass and low-pass filters
of the Butterworth type defined in (19) and the subordinated
numbers are the filter slopes in decibels per octave.

1
LP6 = ——
S+1
S4
HP24 = (19)
S4 4+ 2.61353 +3.41452 +2.6135 + 1
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where S = jp/f. and f, is the filter cut-off frequency. The
further details of the developed filter in term of the cut-off
frequencies and the PSD magnitude will be further mentioned
in the results and discussion section.

Ill. INTERVAL TYPE-2 FUZZY LOGIC SYSTEM
Assume the equations of motion can be written in the state-

spaceformin(20)< =26 =T, 8,...12)(
ij = <i

X1 = x7, X2 =2x8, X3 =X9, X4 = X10, X5 = X|1,
)IC6 = X12 (20&)
7 = —wp) (x1 — x2) = 201 0n1 (7 — Xp) (20b)
g = U@y (x1 — X2) + 20181001 (X7 — Xg)
— Wiy (2 — x3) — 250 (X5 — Xo) (20c)
X9 = Dppw?y (X2 — X3) + 20820 (X3 — X0)
— why (3 — x4) — 283003 (X9 — X10) (20d)
X10 = Dm3@>s (63 — X4) 4 20303053 (X9 — X10)
— Wiy (x4 — X5) — 2840ns (X10 — X11) (20e)
K11 = Omawly (x4 — X5) + 20ma8awna (x10 — X11)
— wZs (x5 — x6) — 2¢5wps (X11 — X12) (201)

X102 = Omswls (x5 — x6) + 20msC5wns (X171 — X12)

1
-— [kez (x6 — 20) — kent (X6 — 20)° — Fa — u]
me

(20g)
el (X12 — 20) Ve <Xx12—20<0
Fy o= | geerve + Coen (X12 —20)  X12 — 20 < Ve
6c1 (X12 — 20) 0<x2—z20<ve
bc1Ve + Coca (X12 — 20) Ve < X12 — 20
(20h)
x=f@xX)+gx)u+d@® 21

where x = [x1,x2...,x12]1", 2 = [z0, 20] f(.) and g(.) are
uncertain but bounded functions, u(f) € R, and d(.) is the
disturbance due to the excitations at the cabin floor, according
to (20). The primary objective of the designed controller
is to attenuate the vibrations transferred to the chassis and
the driver’s head. A standard fuzzy type-2 interval-based
membership function characterized by mean p is shown
in Figure 2. Furthermore, o; and o, indicate the unknowns

Upper MF

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

FIGURE 2. Representation of a standard interval-based fuzzy type-2 fuzzy
membership function.
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standard deviations corresponding to the upper and lower
membership functions. These parameters are updated through
the controller design procedure and the architecture of the
employed T2FNN and the proposed controller body diagram
are illustrated in Fig. 3.

Rule Layer

Type Reduction Layer
Output Layer

FIGURE 3. Architecture of the proposed T2FNN structure.

The concept of interval-based fuzzy type-2 system is dis-
cussed herein as well as the inference logic mechanism.
Commonly speaking, a system that contains at least one fuzzy
type-2 membership function is regarded as a type-2 fuzzy
logic system [17], [29]. In such a system, the interval type-2
fuzzy set A within domain X is expressed as [30]

]
A= /X( K oS0 1] (22)

where J, represents the trace of the corresponding fuzzy set
variations, x and u# hold the main and dependent variables
described in the region X. In general, computation of the
type-2 fuzzy system for M rules and ¢q inputs is described in
the form of

Rule': IF x1 is ;\"1 and x» is Aé ...Xg 1S A’i

THENyisy i=12,....M (23)

The primary variable in the input vector and thereby,
X = ( 1, X2, ... ,xq) and y are descendant linguistic variables,
A; defote the fuzzy type-2 set where ¢ = 1,2,...,12 and
y' = [, %], as shown in Fig. 3.

The data for the selected fuzzy system herein is briefly
mentioned as:

1: The unprocessed data are supplied to the system in the
first layer in the form of some inputs.

2: The specifications of the interval-based fuzzy mem-
bership functions are set in the second layer. Additionally,
the outputs of the system are taken, each attributed to a
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range of membership in terms of the connecting nods. These
nods convey a particular average value p yet undetermined
standard deviations o; and o,. The mean values for each of
the upper and lower functions are described as:

1 x,—p? 2
—q q — K
It (xg) = exp 3 T : )

2
1 x,—u?
deger( ) e

varieties of thelfiring limits felated to the outputs of i higher
and lower membership funttions, respectively and the ¢
input [29]. Furthermore, ,u, represents the average and o=

where 727 (x,) gnd w (xg) (ymbolize the higher and lower

[c7.0]] fenotes the undetermined amplitude of i higher
and lowkr membership functions related to the ¢™ input,
respectively [29].

3: The output from layer 2 is taken here as the input of the
third layer where the multiplication is applied to the inputs.
The main purpose of this layer is to determine the power of
the upper and lower firing rules [17]. Therefore, the nodes are
related to the rules where entire of M rules are accessible for
any of the higher and lower functions as:

= i (x1) X R (x2) x "'EAZ (xq)

xX) = éiAa (X]) X ££A£ (Xz) X .-.iﬁAé (Xq) (25)

where ﬁA‘i and My are the i upper and lower degrees of
membership, respecltively.

4: The variables s and w are used in this layer for the type
reduction purpose according to the center of sets concept [17],
in which the results denoted by ys and y, are derived in com-
pliance with [34]. The defuzzified centers of the fuzzy sets
require that each rule consequent to be defined by a single-
ton positioned at the center [29]. The Karnek-Mendel-Liang
iterative technique [35] defines the output according to:

L v
it Xt Dimp g X'
= I T
Y X+ X
PR v
_ Doimt X'Wy DR KWy, o6
YV— ZR i M =i ( )
i X T X

where wi, and w' represent the sequential variables in the i
rules related to the higher and lower firing rules. Addition-
ally, R and L are obtained according to the Karni-Mendel
technique [35]. Considering those of M rules for the upper
and lower MFs, w’ and w! represent the weighting factors
concerned with ys and y, being defined as:

w _a 1+oc xj+(xq+1xq+1
Wls=ﬂ +,3xj+,3+1j+1+
i=1,2,..., cog=1,2,...,12 (27)
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where x, represents the signals sent to fuzzy system, g defines
the input size, and ajf_ and ,3]5 determine the adaptive variables

related to the " MF and j” updated inputs. By assuming

L . M
S‘YZZZIXI+211
SV_Zzl i X

L e

0= Xi/5<, (%)
can be considered as

=ZL oW+ Y O = el

=Y 0wty Owi=0ls @)
where &7 = [Q’ @](OT = [wi.w] & = [Qi,éi],

and ©F = [y, ]
5: Lastly, he outputs are derived in this layer based on an
averaging rule obtained from (29) as perceived from Fig. 3.

_ s +wv)

> (30)

IV. PROPOSED CONTROL LAW
It is possible to predict the unknown functions of f(x) and

¢(x) in (20) through a developed T2FNN, while (x | @;) f:d

g <x|®;) re the ideal estimations of the unknown functi
Furthermdge, €2 represents a compact domain that contains
the extent of x, and ®y and ®, hold the parameters that are
adjusted and updated through the training procedure (i, oy,
02, w, and wh).

n

©f 1= argmin {sup V (x1©f) — (x)‘
®fEERIIlﬁ

©y := argmin {sug |§(x|®g)(—g(x)|} (31)
Xe

n
®g€H§IT qi
i=1

And the functions above can be further described by
the developed Taylor’s expansion about the points of the

unknown functions:
® )T of (yl©y)
f 1=

7 (x107) C}(x@f) (o5 -
(& +hot (‘ i — fo‘z)(
é(x|®;)<g(x|®g)(g (65— o, 7 [agg I?g)}(

2
—i—h.o.t(‘ A

) (32)
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2
where h.0. t ‘ﬁr G)f’ and h.o.t (‘6*—94 > describe
the higher order terms f any of the Xpressmé;, respec-

tively. Therefore, the estimated f (¥|©y) find & (x|®y) fan be
stimated fu

gonsidered an alternative for the ideal ctions
f(x|®;) nd g <x|®;:)-
f(x16y) (= ©f & (x) + &5(x)
g (x1®g) = 7k, (x) + £,4(x) (33)
where
_ f (x19y)
= 8®f
og (x|®g)
= — 34
&, T (34)

The estimated functions G)fT §p(x) and ®gT &, (x) bring
about the tracking errors er(x) and eg(x). Additionally,
0f = [@f], @fz,..., ®fn] and og = [ g1» ®gz, ey ®gn]
are the vectors of tuning parametes and &y(x) =
[§1®). &) .....6a(®)] and @) = [§o @)
Eb(x),. ... ¢6m (x)] re the T2FNN vectors and edx) and
€g(x) are the estimati¢n error subject to minimization of (31).
We make the following assumption that on a compact region
Q eR:

lex) <A VxeR (35)

where A > 0 is an unknown bound which is the smallest non-
negative constant to satisfy (29). If functions of f(x) and g(x)
were known or obtained through an approximator, the ideal
control law can be described through the feedback lineariza-
tion theory as follows

[ —fx) +KTe] (
gx) +a

where o denotes compensator to deal with the function (30)
singularity issue. By substituting the (30) in (21), the dynam-
ics of the tracking error, e, can be obtained as:

(36)

Uy =

e + ke D4+ +ke=0 (37)

where K = [k1, k1, ...kn]" are selected such that the poly-
nomial (37) is Hurwitz stable. However, as the functions
are unknown, thereby (36) can be presented in terms of the
estimated functions:

w= [ @) +a]” [ﬁf(x>+y<">+KT](1 (38)

Substituting (38) in (21), the following dynamics of the track-
ing error is achieved

e = _Kle+ []‘(x) —f(x)]<k HOE

g@)] fn (39)
In this manner, the optimal approximation error is considered
to be

W = [F(x167) 6f(x>] + |2 (x|®}‘)<g(x)] ( (40)
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In order to analyze the stability and robustness of the system,
the Lyapunov design scheme employed considering the fol-
lowing Lyapunov function candidate

V() = %eTPe + ﬁ (@f - @;)T <®f — @;)

+5-(0-0)) (0,-97)
ATP+PA = —Q (42)

where P and Q are n x n are positive definite symmetric
and arbitrary positive definite matrices, respectively to satisfy
the Lyapunov stability. Considering (40), the tracking error
dynamics can be presented as following where the optimal
approximation error is also included:

é = Ae+blf (x|®f)(](x|®;)] +[2 (x19))
—g((@f)](* Z 3)
é:Ae+b|:(()f—®}s)T§f+<® @;)TEgM*er](

(44)
The time derivative of (41) V is obtained as
. 1 1 T
V(t) = —=e! Qe + e Qbw + — <® - @*)
2 Y 5
T 1 * r
x [Br+ e Phe )| + ” (e, - ©;)
g

x [©g + rye"PhE, () u](y (43)
b

By considering the terms ®f + yfeT &y (x) and Gg +
ygeTPbsg (x) uy at zero, the adaptation laws of @y and Oy,
can be obtained as follows:

Oy £ —yse’ PbE; (x)
©g £ —ye' PbE, (x) u, (46)

(1>

where the e! Pb term is scalar and by considering the eigen-
values of arbitrary positive definite matrix Q sufficiently
large, once can and small approximation error w (conver-
gence to the ideal parameters by employing updated stochas-
tic gradient descent based NN approximator), one can write:

V() < —%eTQe +e'Qbw <0 (47)

Barbalat’s lemma is used to indicate that lim e = 0, it has

11— o0
to be shown that e € L, and é is bounded, such that the term
in (45) can be described as:

/ V(t)dt =V (t) =V (0) (48)

Considering (41) which is a positive definite and
non-increasing term therefore (48) can be stated as:

/(V(r)dr =V () =V (0) Xii)—/(\'/(r)dr

—V©0)—V() <oo (49)
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Also by considerin A as the maximum eigenvalue of Q
in (36), and taking (41) into account, it can be shown that

LeT0e < Lije)? (50)
—e e - e
2 -2
Taking (43) into account, such that
1.
/ > lell? dt < oo (51)
And therefore:

1~ 1/2

/ > lel?dt < oo (52)

That shows e € [*> which implies that é € Lo, and thereby
the asymptotic convergence of the tracking error e is derived
using the Barbala’s lemma

lim [e[=0 (53)
—>00

This completes the proof of proposed controller
stability B

The closed-loop system is robust globally asymptotically
stable. Additionally, the parameters defined in (33) are in
terms of the non-ideal terms (i.e. x|®yg) and thereby the
approximation error term in (40) can be increased while
its minimization can further contribute to the asymptotic
stability in (45). Therefore, a NN based approximator with
employing an updated stochastic gradient descent method is
proposed to obtain the ideal function parameters (i.e. x| 9;’ &)
Furthermore, the approximation errors of Ef and E, are
defined as

ef éf(xl(-)f*) f(x|@)f)
P <x|®;) F(x10,) (54)

And because is assumed that f{x) and g(x) are bounded
functions, and thereby es and e, in (54) are bounded and the
term E to be minimized can be considered as:

1
Erg (1) = 3 (ers)” (35)

Using the gradient descent optimization method, the updated
error to be minimized can be presented in the general form as

Oi(r+1) =0 (1) -1 9F; (1)
f f 005 (1)

O (r+1)=0:1)—n OE () (56)
g g 30y (1)

Using the chain rule, the above equation can be written as:

AEf (1) de (1) dx (1) of (1)

de (1) 9x (1) af (1) a@; Q)
0Eg (1) de (t) 0x (1) g (1)
de (1) 0x (1) 9g (1) 0O} (1)

®; (t+1) =] (N—n

O, (1+1) =04 (1) —n

(57)

The minimum of the error functions are reduced based on
the obtained first-order iterative method and the step size
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term 7 is allowed to change iteratively. Considering the min-
imization functions Ef, being convex and 0Ef, Lipschitz
and selection of n through the (51), the convergence to the
minimum is updated and ensured considering the learning
rate as follows.

T
(0p(t) — 0t — 1)) [Ef(t) —Ep(t — 1] 58)
| Er () = Epc = 1)

In order to decrease the monotonic dedrement of the step
size term, the accumulated previous squared gradients are
condensed into a certain window W where the sum of gradi-
ents is iteratively described through exponentially decaying
average of the squared gradients. For brevity, let us consider
the gradient of the objective function as follows:

0Efrg (1) B
8054 (1)

Considering the running average at time ¢ is denoted by
E[(Vg3(#))?], which can be calculated as [36]:

n(t) =

Vp3(0) (59)

E[(Ve3(0)*], = PE[(Ve3 (0))*],_1 +(1—®) (Vo3 (8))?
(60)

where @ represents the decaying variable in analogy with
the Momentum approach and it can be perceived that at any
increased step, the above running mean is a function of the
former average of squared gradients and the present squared
gradients. Assuming that the stochastic gradient descent of
updates is represented by

Org (14 1) =05 (1) — VeI (0) (61)

The vectorized parameter updates can be performed based
on previous gradients as in [23], [36], [37] throughout the
following

A =0pg (1 +1) —Of, (1)
n
= ———==0Vp31(®) (62)
A/ Gt +e€

where © is the matrix-vector operator, and G; is a diagonal
matrix which involves the sum of the squares of the previous
gradients, and small constant € is included to ensure the
denominator does not converge to zero. Because the term
in (60) is presented through the average of squared gradients,
the root means square (RMS) of previous squared gradients
is calculated as [34]:

RMS [A0], = (A8, + €)°7 (63)

It is noteworthy that the diagonal matrix can be substituted by
decaying average across previous gradients E[(Vy3 (9))2]z-
The computed updates can be shown as

1
RMS [A6],

However, the output in (61) is unidentified and thereby,
(62) can be calculated by employing the exponentially decay-
ing of (61) across a window W instead of the learning rate

VOLUME 8, 2020



H. Taghavifar et al.: Commercial Vehicle-Based Robust Control of Seated Whole-Body Vibration

IEEE Access

obtained in the previously step which finally can be presented
as:

RMS [AB],_, dEf () de (1) dx ()
RMS [AG], e (1) 3x (1) of ()

O (t+1) =05 (1) —
Af (1)
X
8@}‘ 3)
RMS [AQ],_, 3Eq () de (1) 0x (1)
RMS [AQ], de (1) dx (1) dg (1)

(65)

O, (t+1) =0, —

0g (1)

X *
905 (1)

V. RESULTS AND DISCUSSIONS

The objectives as mentioned are defined in (11) in terms
of the attenuation of the seat acceleration which is closely
associated with the force exerted to the driver at the seat
interface, also the head acceleration which is also very sig-
nificant for the comfort experience of the driver and the
relative displacement between the cabin floor and the seat.
For this purpose, the commercial vehicle cabin excitation
(EMS5) based on ISO 7096 related to an extensive range of
commercial vehicles such as soil compactor, wheel dozer,
and Backhoe loader is employed. The high-pass and low-pass
filters of Butterworth type are designated. The low-pass filter
and high-pass filters are 6 and 24 decibels per octave and
their corresponding cut-off frequencies are 3.5 and 1.5 Hz,
respectively. Moreover, the maximum PSD of vertical vibra-
tion at the platform is 0.77 [(m/s?)?/Hz]. The total weighting
function employed is a combination of I) band-limiting two-
pole filter with Butterworth characteristics, II) acceleration-
velocity transition which is proportionality to acceleration
at lower frequencies with proportionality to the velocity at
higher frequencies) and III) Upward step which is steepness
approximately 6 dB per octave and proportionality to jerk.
The PSD of cabin excitations for a typical commercial vehicle
generated in accordance with the ISO 7096 is illustrated
in Fig. 4. In the initial stage, a total of 11 uniformly random
numbers between 0 and 1 were employed for the upper
and lower MFs, respectively, and y; and y, equal to 0.4
were employed. The weighted seat accelerations and PSD
of seat accelerations for the passive system obtained from
a high-fidelity validation platform using MSC ADAMS,
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FIGURE 4. PSD of cabin excitations (EM5) with respect to the frequency
based on I1SO 7096.
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an observer-based sliding mode controller (DO-SMC) from
the literature [19] and T2FNN-adaptive stochastic gradient
descent (SGD) controller is illustrated in Fig. 5. It can
be seen that the weighted seat accelerations based on ISO
2631 have been decreased using the DO-SMC during the
entire range of the simulation, however, the T2FNN-adaptive
SGD has exhibited a significantly improved performance
against the cabin excitations as the external disturbance.
The RMS values of weighted accelerations were obtained at
3.8, 2.7, and 0.78 m/s for the uncontrolled, DO-SMC and
the proposed controller, respectively. Fig. 5 also illustrates
the PSD of accelerations in frequency domain for the same
controller strategies. It can be appreciated that the proposed
T2FNN-adaptive SGD presents significantly improved vibra-
tion attenuation when compared to the passive and DO-SMC
over the entire frequency range and particularly between the
range of 4-6 Hz which is more important from the biodynamic
point of view where the primary resonance frequency of the
human body is included. The peak PSD magnitudes of the
accelerations are 18.34, 8.01 and 0.25 m?2 / s3 for the same
control strategies, respectively (Fig. 5).

10 |—Passive System —T2FNN-UGD —DO-SMC]

%
3 E
n c
g S
c O
2 0
O o
= 3
<.
0 2 4 6 8 10
Time (s)
(a)
25 5
~N —Passive System —T2FNN-UGD —DO-SMC]
I
~ 20
5 @
o E 15 0.4
0 =
“Da g 10 0.2
0 F OJ"—
o o 5 0 20 40
[}
g o
< 0 5 10 15 20 25

Frequency (Hz)

(b)

FIGURE 5. a) The weighted seat accelerations and b) PSD of seat
accelerations for the uncontrolled, DO-SMC [19] and T2FNN-adaptive
stochastic GD controller.

Figure 6 illustrates the time-history relative displacement
between the seat and the cabin floor as well as the frequency
domain responses. The obtained results show that the RMS
of the relative displacements is in the order of 0.08, 0.032,
and 0.028 m, for the DO-SMC, proposed method and the
passive system. It was expectable that while the focus is on
reducing the seat accelerations, the relative displacement has
to be inherently increased, however, the proposed method
has maintained the relative displacement close to the passive
system so that the risk of collision with the seat endstops
are decreased. The maximum PSD of the relative displace-
ments are suggestive of 0.0004, 0.0001 and 0.0002 m? at the
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FIGURE 6. a) The relative displacement and b) PSD of relative

displacement for the uncontrolled, DO-SMC [19] and T2FNN-adaptive
stochastic GD controller.

resonance frequency of 1.9 Hz for the DO-SMC, the proposed
controller and the passive system, respectively. It can be seen
that the relative displacement which is closely related to the
relative motion of the legs with respect to the cabin floor
has not been much increased when employing DO-SMC. The
proposed controller however, has maintained the system close
to the optimal relative displacement which is perhaps related
to the gradient descent method employed which provides an
enhanced convergence to a minimum error via the adaptive
time-step based gradient method being employed. It supplies
better performance for a fast and accurate convergence with
minimal chance of being entrapped in a saddle point, which
increases the optimization performance of the controller and
thereby an optimal solution to minimize the tracking error.
The head acceleration is an important body segment and
affects the ride experience and directly affects the driver in
prolonged work time and based on 8-hour standard. The per-
formance of the proposed controller against the uncontrolled
system and DO-SMC can be seen in Fig. 7. It can be seen that
similar to the weighted seat accelerations, the accelerations
transmitted through the body segments and from the cabin
floor to the head according to (4) and (6), the proposed
controller offers a minimized acceleration transmission to
the head in the both of frequency and time domains. The
derived RMS of weighted accelerations for the uncontrolled,
DO-SMC and the proposed controller are 3.94, 2.1, and
0.25 m/s?, respectively, which is suggestive of the improved
performance of the proposed controller. As for the frequency
domain, the peak values are those obtained at 2.68 Hz equal
to 3.6, 0.81 and 0.02 m?2 / $3, respectively, for the uncon-
trolled, DO-SMC and the proposed controller. Fig. 7 also
demonstrates the frequency response of the acceleration in
terms of the number of peaks related to the degree-of-freedom
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FIGURE 7. a) The weighted head accelerations, b) PSD of head
accelerations for the uncontrolled, DO-SMC [19] and T2FNN-adaptive

stochastic GD controller, and c) the PSD of acceleration in the frequency
domain including the 6 uncoupled modes of vibration.

(6-DOFs). It is evident that the peaks depend on the excitation
spectrum of the frequency components. Finally, the control
effort for the proposed controller can be seen in Fig. 8§,
where the peak value is obtained at the beginning equal to
1106 N but due to the adaptive stochastic gradient descent
learning rate, it converged quickly to the intimal value. The
RMS of the control effort was also achieved at 152.5 N
and the noisy signal of the control input is more likely
related to the scholastic gradient descent optimization method
being employed. The obtained results compared to [19] are
suggestive of more promising control results. Although the
nonlinear seat suspension is considered in the present study
and the PSD of accelerations are invariably greater com-
pared to [19], however, the obtained head and body accel-
eration in the present study are smaller. Furthermore, the
challenging demand for an increased relative displacement
by decreasing body acceleration is not considered in [19].
Finally, due to applying SMC method for the controller,
the control input has a high-frequency component as a result
of chattering phenomenon while the proposed controller in
this paper generates a reasonably acceptable signal (Fig. 8)
in a smaller power demand than DO-SMC [19]. Finally,
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FIGURE 8. The control effort of the proposed adaptive-T2FNN based
stochastic GD controller.

in order to investigate the effectiveness of the proposed con-
troller to withstand the effect of parametric uncertainties,
masses, stiffness and damping values varied +15% about
the nominal values such that {m; = m; + 0.15m; sin (¢),
¢j =c¢j+0.15¢jsin () & kj = kj +0.15k;sin (1) ; i = 1,
2,..6 &j = 1,2,..5}. The results are presented in Table 2,
where it is evident that the proposed controller can decrease
the magnitude of the transmitted acceleration to head when
compared to DO-SMC and the passive system while there
are variations of the mechanical components of the system
at varied +15% about the nominal values.

TABLE 2. RMS of head acceleration (m/s2) under the effect of parametric
uncertainty.

Controller type Without uncertainty (m/s?) With Uncertainty (m/s?)

Passive System  3.94 4.23
Proposed 0.25 0.67
Control

DO-SMC [19] 2.11 2.83

VI. CONCLUSIONS

In this paper, an adaptive indirect type-2 fuzzy neural network
optimized through an adaptive stochastic gradient descent
algorithm was proposed as a robust controlling schema to
deal with the attenuation of seated whole-body vibration
in typical commercial vehicles. The cabin excitations were
in accordance with the ISO 7096 where the high-pass and
low-pass filters of the Butterworth type were designated
and the weighted accelerations of the human body segments
were evaluated based on ISO 2631. To this end, a 6-DOF
coupled human-body and seat suspension system model was
developed. The objectives were the minimization of the
accelerations transferred to the head and at the seat which are
closely relate to the safety and ride smoothness of the driver,
particularly in the prolonged working conditions, and the rel-
ative seat and cabin floor displacement which is related to the
relative motion of the legs with respect to the tights and pelvis.
In the controller section, a T2FNN controller was designed
and to guarantee the closed-loop system stability and also
to derive the adaptation laws, the Lyapunov stability method
was used. The interval type-2 fuzzy Gaussian membership
function with uncertain standard deviations were used in the
study and the optimal parameters of the mean and standard
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deviations are adjusted through an updated gradient descent
optimization method. An adaptive stochastic gradient descent
based optimization coupled to the T2FNN was developed in
order to reach an improved performance of the controller. The
results compared to the uncontrolled system and DO-SMC
schema both in time domain and frequency domain (in terms
of the RMS and PSD of the weighted accelerations) con-
firmed that the proposed controller can drastically reduce the
objective head and seat accelerations and significantly reduce
the relative seat to cabin displacement owing to the proposed
adaptive stochastic gradient descent method. Future studies
can be implemented related to the computational demand and
the actuation time delay for these controllers in a comparative
trend.
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