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

fidelity multi-degree of freedom system, the lumped mass 
The associate editor coordinating the review of this manuscript and models which involve the mass-damper-spring components 

approving it for publication was Guilin Yang . 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 H∞ 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 

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 H∞ 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 II 

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 III 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. 

II. 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, {z1, . . . , z6}
denote the displacements of different parts, z0 is the cabin 

TABLE 1. The coupled human-seat lumped mass model parameters. 

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. 

z̈1 = 2
−ωn1 (z1 − z2) − 2ζ1ωn1 (ż1 − ż2) (1) 

z̈2 = 2ϑm1ωn1 (z1 − z2) + 2ϑm1ζ1ωn1 (ż1 − ż2) 
2

− ωn2 (z2 − z3) − 2ζ2ωn2 (ż2 − ż3) (2) 

z̈3 = 2ϑm2ωn2 (z2 − z3) + 2ϑm2ζ2ωn2 (ż2 − ż3) 
2

− ωn3 (z3 − z4) − 2ζ3ωn3 (ż3 − ż4) (3) 

z̈4 = 2ϑm3ωn3 (z3 − z4) + 2ϑm3ζ3ωn3 (ż3 − ż4) 
2

− ωn4 (z4 − z5) − 2ζ4ωn4 (ż4 − ż5) (4) 

z̈5 = 2ϑm4ωn4 (z4 − z5) + 2ϑm4ζ4ωn4 (ż4 − ż5) 
2

− ωn5 (z5 − z6) − 2ζ5ωn5 (ż5 − ż6) (5) 

z̈6 = ϑm5ωn
2
5 (z5 − z6) + 2ϑm5ζ5ωn5 (ż5 − ż6) ih1 
k6l (z6 − z0) − k6nl (z6 − z0)3 

− Fd − uexcitation, and u is the active control input of the seat sus- − 
m6pension system, respectively. The seat cushion is represented 

(6) 

(7) 

through a set of springs and dampers elements whose char- ki ci miacteristics are constant. The governing mathematical model ω2 
= , ζi = √ , ϑmi = ,ni mi 2 kimi mi+1 

i = 1, 2 . . . , 5 

FIGURE 1. The coupled 6DOF human-body and seat suspension model. 

VOLUME 8, 2020 

where ωni, ζi and ϑmi 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. 

Fd = 

⎧⎪⎪⎪⎨ ⎪⎪⎪⎩ 
c6e1 (ż6 − ż0) ve ≤ ż6 − ż0 < 0 

c6e1ve + c6e2 (ż6 − ż0) ż6 − ż0 < ve 
c6c1 (ż6 − ż0) 0 ≤ ż6 − ż0 < vc 
c6c1vc + c6c2 (ż6 − ż0) vc < ż6 − ż0 

(8) 

where c6c2, c6e2, c6c1 and c6e1 represent the low and high 
damping coefficients in the compression and rebound modes, 
respectively with the corresponding transition velocities vc 
and ve. 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 (z6) 
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 (T z4 ) and to the head (T z1 ) obtained from the filter design, where the total weighting z6 z6 

are obtained as follows. function is represented as follows 

Z4(s)Tz
z
6
4 (s) = = E(s)G(s)

Z6(s) 
Z1(s)Tz

z
6
1 (s) = = A(s)B(s)D(s)E(s)G(s)

Z6(s) 
Z5(s) − Z6(s)T z5−z6 (s) = = E(s)g(s) − 1 (9)z0 Z6(s) 

where, Z5(s), Z4(s), Z1(s), and Z0(s) represent the Laplace 
transforms of z5(t)z4(t), z1(t), and z0(t), and the remaining 
Laplace functions are described by 

ω2 
n1 + 2sζ 1ωn1A(s) = 

s2 + ωn
2
1 + 2sζ 1ωn1 

H ( ˜ ρ) .Hl ( ˜ ρ) .Hs ( ˜ (13)ρ) = Hh ( ˜ ρ) .Ht ( ˜ ρ) 

where ρ̃ = j2πρ 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 Hh ( ˜ ρ) represents the band-limiting ρ) .Hl ( ˜
transfer function and the product term Ht (ρ̃) .Hs (ρ̃) 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: 

|Hh (ρ̃)| = 

����� ρ̃2 + 
√ 

ρ̃2 

2 ρ̃ω1 + ω1
2 

�����
ω2 
n2 + 2sζ2ωn2

B(s) = � (14)s2 + ωn
2
2 + 2sζ 2ωn2 + ϑm1 ω2 

n1 + 2sζ 1ωn1 + A(s) 

ω2 
n3 + 2sζ 3ωn3D(s) = and the low-pass term is represented by:� 

s2 + ωn
2
3 + 2sζ3ωn3 + ϑm2 ω2 

n2 + 2sζ2ωn2 + B(s) 

ρ)| =|Hl ( ˜

����� ρ̃2 + 
√ 

ρ̃2 

2 ρ̃ω2 + ω2
2 

�����ω2 
n4 + 2sζ 4ωn4 (15)E(s) = � 

s2 + ωn
2
4 + 2sζ4ωn4 + ϑm3 ω2 

n3 + 2sζ3ωn3 + D(s) 

ω2 where ω1 = 2π f1, ω2 = 2π f2 and f1 and f2 are the corner 
n5 + 2sζ 5ωn5G(s) = � frequencies at 0.4 and 100 Hz, respectively. Furthermore,s2 + ωn

2
5 + 2sζ5ωn5 + ϑm4 ω2 

n4 + 2sζ4ωn4 + E(s) 
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 

|Ht (ρ̃)| = 

�����ω3 
� Q4ω

2
4 

�� 
ρ̃ + ω3 

ρ2 + ρ̃ω4 + Q4ω
2Q4 ˜ 4 

� ����� (16) 

(10) 

where s denotes the Laplace parameter and may be substi-
√ 

tuted by jω where j = −1 in order to describe the functions 
in the frequency domain. Considering the seat PSD, Sz̈6 (ω), 
and based on the transfer functions to the head, T z1 

z6 (ω), 
and seat acceleration which is related to the force exerted to where ω3 = 2π f3, ω4 = 2π f4 and f3 and f4 are the frequencies 
the driver at the seat interface T z4 (ω), and the relative seat both at 12.5 Hz, and Q4 is the parameter of the transfer z6 

δz5−z6displacement, Tz̈6 
(ω), PSD functions related to each of function related to the overall frequency weighting and is 

these modes can be formulated by: typically 0.63, respectively. Finally, the upward step which 

2 
is the steepness about 6 dB per octave and related to jerk and �� ��T z1 

z6Sz̈1 (ω) Sz̈6 (ω) can be described as (ω)= ����� 
����� (17) 

�� �� � �2 
ρ2 
+ ρ̃ω5 + Q5ω

2Q5 ˜ 5T z4 
z6Sz̈4 (ω) Sz̈6 (ω) Q6(ω) = 

ρ)| =|Hs ( ˜ � ���� (ω) 
��� 2 ρ2 + ρ̃ω6 + Q6ω

2Q6 ˜ 6Q5δz5−z6 
z̈0 

Sδz5−z6 
T Sz̈6 (ω) (ω) = " # where ω5 = 2π f5, ω6 = 2π f6 and f5 and f6 are the frequen-��� ��� 2� 

δz5−z6Tz6 (ω) − 1 (11) cies at 2.37 and 3.35, respectively, and Q5 and Q6 are the 
ω4 Sz̈6 (ω)= 

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 (EM5, ISO 7096) 

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 as follows based on the input spectral 

functions: EM5 = 1.11 (HP24)2 (LP6)2 (18) s sZ 
∞ Z 

∞ where HP and LP designate the high-pass and low-pass filters 
σz̈1 = Sz̈1 (ω) dω, σz̈4 = Sz̈4 (ω) dω, of the Butterworth type defined in (19) and the subordinated 

0 0 s numbers are the filter slopes in decibels per octave. Z 
∞ 

σδz5−z6 
= Sδz5−z6 

(ω) dω (12) 1
LP6 = 0 S + 1 

S4However, one should note that the calculated acceleration 
HP24 = (19)

terms are those obtained from the weighted accelerations S4 + 2.613S3 + 3.414S2 + 2.613S + 1 
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where S = jρ/fc and fc 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. 

III. INTERVAL TYPE-2 FUZZY LOGIC SYSTEM 

where x = [x1, x2 . . . , x12]T , z = [z0, ż0] f(.) and g(.) are 
uncertain but bounded functions, u(t) ∈ 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 µ is shown 
in Figure 2. Furthermore, σ1 and σ2 indicate the unknowns 

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. 

Assume the equations of motion can be written in the state-
xi = zispace form in (20) i = 1, 2, . . . 6; j = 7, 8, . . . 12 . 
xj = żi 

ẋ1 = x7, ẋ2 = x8, ẋ3 = x9, ẋ4 = x10, ẋ5 = x11, 

ẋ6 = x12 (20a) 

ẋ7 = −ωn
2
1 (x1 − x2) − 2ζ1ωn1 (x7 − x8) (20b) 

ẋ8 = ϑm1ωn
2
1 (x1 − x2) + 2ϑm1ζ1ωn1 (x7 − x8) 

− ωn
2
2 (x2 − x3) − 2ζ2ωn2 (x8 − x9) (20c) 

ẋ9 = ϑm2ωn
2
2 (x2 − x3) + 2ϑm2ζ2ωn2 (x8 − x9) 

− ωn
2
3 (x3 − x4) − 2ζ3ωn3 (x9 − x10) (20d) 

ẋ10 = ϑm3ωn
2
3 (x3 − x4) + 2ϑm3ζ3ωn3 (x9 − x10) 

� 

2 2 (20e)− − − −ω ζ ω( ) ( )x x x x4 5 4 4 10 114 nn

ẋ11 = ϑm4ωn
2
4 (x4 − x5) + 2ϑm4ζ4ωn4 (x10 − x11) 

− ωn
2
5 (x5 − x6) − 2ζ5ωn5 (x11 − x12) (20f) 

ẋ12 = ϑm5ωn
2
5 (x5 − x6) + 2ϑm5ζ5ωn5 (x11 − x12) 

� 

FIGURE 3. Architecture of the proposed T2FNN structure. ih1 
k6l (x6 − z0) − k6nl (x6 − z0)3 

− Fd − u− 
The concept of interval-based fuzzy type-2 system is dis-m6 

(20g) cussed herein as well as the inference logic mechanism. ⎧ ⎪⎪⎪⎨ ⎪⎪⎪⎩ 
Commonly speaking, a system that contains at least one fuzzy c6e1 (x12 − ż0) ve ≤ x12 − ż0 < 0 
type-2 membership function is regarded as a type-2 fuzzy 

c6e1ve + c6e2 (x12 − ż0) x12 − ż0 < ve logic system [17], [29]. In such a system, the interval type-2 Fd = 
c6c1 (x12 − ż0) 0 ≤ x12 − ż0 < vc fuzzy set Ã within domain X is expressed as [30] #" c6c1vc + c6c2 (x12 − ż0) vc < x12 − ż0 R Z −1(20h) ũ

ũ∈Jxẋ = f (x) + g (x) u + d (z) (21) Ã = Jx ⊆ [0 1] (22) 
x 

x∈X 

where Jx represents the trace of the corresponding fuzzy set 
variations, x and ũ 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 

Rulei : IF x1 is Ã1 
i and x2 is Ã2 

i . . . xq is Ãi 1 

THEN y is yi i = 1, 2, . . . , M (23) 

FIGURE 2. Representation of a standard interval-based fuzzy type-2 fuzzy 
membership function. 

VOLUME 8, 2020 

The �primary variable 
x = x1, x2, . . . , xq and y are descendant linguistic variables, 

in the input vector and thereby, 

Ãiq ��denote the fuzzy type-2 set where q 
i i 
v, y

= 1, 2, . . . , 12 and 
i , as shown in Fig. 3. y = y s 
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 µ yet undetermined 
standard deviations σ1 and σ2. The mean values for each of 
the upper and lower functions are described as: ⎛ ⎞ 

q 
!2� �q 1 xq − µi ⎠µi xq = exp ⎝− q2 σ i ⎛ ⎞ 

q 
!2� � 1 xq − µ

µq xq = exp ⎝− i ⎠ (24)qi 2 σ i � � � � 
where µq xq and µq xq symbolize the higher and lower i i 
varieties of the firing limits related to the outputs of ith higher 
and lower membership functions, respectively and the qth 

input [29]. Furthermore, µq represents the average and σ = � � iq q
σ i .σ denotes the undetermined amplitude of ith higheri 
and lower membership functions related to the qth 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: � � 

χ̄ i (x) = µÃi (x1) × µÃi (x2) × . . . µÃi xq
1 2 q � � 

χ i (x) = µ
Ãi 

(x1) × µ
Ãi 

(x2) × . . . µ
Ãi 

xq (25) 
1 2 q 

where µÃi and µ
Ãi 

are the ith upper and lower degrees of 
1 1

membership, respectively. 
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 yv 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: PL PMi χ i i 

i=1 χ
iw + ¯ ws i=L+1 s PL PMys = 

i=1 χ
i + χ̄ i 

i=1 PR PMi i 
i=1 χ

iw + χ̄ iwv i=R+1 v yv = (26)PR PM 
i=1 χ

i + χ̄ i 
i=1 

i iwhere w and w represent the sequential variables in the ith 
v s 

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, wi and wi represent the weighting factors v s 
concerned with ys and yv being defined as: 

i i i iw = αq−1 + α xj + αq+1xq+1 . . . v q
i i i iw = β + β xj + β xj̃+1 + . . . s j̃−1 j̃ j̃+1

i = 1, 2, . . . , M; q = 1, 2, . . . , 12 (27) 

where xq represents the signals sent to fuzzy system, q defines 
the input size, and αi and β i determine the adaptive variables 

j̃ j̃ 

related to the ith MF and j̃th updated inputs. By assuming XL XM iδs = χ i 
+ χ̄ ,

i=1 i=1 XR XM iδv = χ i 
+ χ̄ ,

i=1 i=1 

χ i. 
i χ i. 

= χ
i. 

¯Qi = , Q = , Qi ,
s δs s δs v δv

and 

i χ i. 
¯Q = , (28)v δv

can be considered as XL XM ii i Tys = Qi w + Q w = 2 ξss s s si=1 s i=L+1 XL XM ii i Tyv = Qi w + Q w = 2 ξv (29)v v v vvi=1 i=L+1 h i h i� �i i
where ξT 

= Qi , Q , 2T 
= wis, w

i , ξT 
= Qi , Q ,s s s s v vs v

and 2T 
= 

� 
wiv, w

i � .v v 
5: Lastly, the outputs are derived in this layer based on an 

averaging rule obtained from (29) as perceived from Fig. 3. 

(ys + yv) y = (30)
2 

IV. PROPOSED CONTROL LAW 
It is possible to predict the unknown functions of f (x) and � � 
g(x) in (20) through a developed T2FNN, while f̃  x|2 ∗ andf� � 
g̃ x|2 ∗ are the ideal estimations of the unknown functions. g 
Furthermore, � represents a compact domain that contains 
the extent of x, and 2f and 2g hold the parameters that are 
adjusted and updated through the training procedure (µ, σ1, 
σ2, wv

i and ws
i ). � �� �� �

∗ � � 
2 := arg min sup �f̃  x|2f − f (x)�f 

nQ x∈� 
2f ∈R pi 

i=1 � �� � � �
∗ �2 := arg min sup �g̃ x|2g − g (x) (31)g 

nQ x∈� 
2g∈R 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� � ∂ f̃ x|2f∗ ∗f̃ x|2f − f̃ x|2f = 2f − 2f 

∂2f �� �2� � ∗ �
+ h.o.t �2f − 2f� " � �# � � �� � �T ∂ g̃ x|2g∗ ∗ g̃ x|2g − g̃ x|2g = 2g − 2g 

∂2g��� �2� ∗ �
+ h.o.t �2g − 2g� (32) 
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�� � �� �� �2 2� � � �where h.o.t �2f 
∗
−2f� and h.o.t �2 ∗−2g� describeg 

the higher order terms of any of the expressions, respec-� � � � 
tively. Therefore, the estimated f̃ x|2f and g̃ x|2f can be 
considered an alternative for the ideal estimated functions � � � � 
f̃ x|2 ∗ and g̃ x|2 ∗ :f g � � Tf̃ x|2f = 2f ξ f (x) + εf(x) � � Tg̃ x|2g = 2 ξg (x) + εg(x) (33)g 

where 

∂ f̃ 
� � 
x|2f 

ξ f = 
∂2f� � 

∂ g̃ x|2g
ξg = (34)

∂2g 

The estimated functions 2f 
T ξ f (x) and 2g 

T ξg (x) bring 
about the tracking errors εf(x) and εg(x). Additionally, � � � � 
θ f = 2f 1, 2f 2, . . . ,2fn and θg = 2g1, 2g2, . . . ,2gn 
are the vectors of tuning parameters and ξ f (x) = � � � 
ξf 1 (x) , ξf 2 (x) , . . . , ξfn (x) and ξg (x) = ξg1 (x) ,� 

ξg2 (x) , . . . , ξgn (x) are the T2FNN vectors and εf(x) and 
εg(x) are the estimation error subject to minimization of (31). 
We make the following assumption that on a compact region 
� ∈ R: 

|ε(x)| ≤ λ ∀x ∈ R (35) 

where λ ≥ 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 h i 

(n) 
+ KT−f (x) + ym e 

u∗ = (36)
g (x) + α 

where α 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: 

e(n) + k1e(n−1) + . . . + kne = 0 (37) 

where K = [k1, k1, . . . kn]T 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: � �−1 

h 
(n) 

i 
u∗ = g̃ (x) + α −f̃ (x) + y + KT e (38)m 

Substituting (38) in (21), the following dynamics of the track-
ing error is achieved h i � � 
e(n) = −KT e + f̃ (x) − f (x) + g̃ (x) − g (x) u∗ (39) 

In this manner, the optimal approximation error is considered 
to be h � � i h � � i 

∗ ∗ w̃ = f̃ x|2 − f (x) + g̃ x|2 − g (x) u∗ (40)f f 

In order to analyze the stability and robustness of the system, 
the Lyapunov design scheme employed considering the fol-
lowing Lyapunov function candidate � �T � � 

∗ ∗V (t) = 
1 
eT Pe + 

1 
2f − 2 2f − 2

2 2γf f f � �T � �1 
∗ ∗ 

+ 2g − 2g 2g − 2g (41)
2γg 

3TP + P3 = −Q (42) 

where P and Q are n × 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: h � �i� � � � �

∗ ė = 3e + b f̃ x|2f − f̃ x|2 + g̃ x|2ff � �i 
∗

− g̃ x|2 u∗ + w̃ (43)f �� �T � �T 
� 

∗ ∗ ė = 3e + b 2f − 2f ξ f + 2g − 2g ξgu∗ + w̃ 

(44) 

The time derivative of (41) V̇ is obtained as � �T
∗V̇ (t) = − 

1 
eT Qe + eTQbw + 

1 
2f − 2f2 γf h i � �T

∗ 
× 2̇f + γf eTPbξ f (x) + 

γ

1 

g 
2g − 2g h i 

× 2̇g + γgeTPbξg (x) u∗ (45) 

By considering the terms 2̇f + γf eTPbξ f (x) and 2̇g + 
γgeTPbξ g (x) u∗ at zero, the adaptation laws of 2f and 2g, 
can be obtained as follows: 

2̇f , −γf eT Pbξ f (x) 

2̇g , −γgeT Pbξg (x) u∗ (46) 

where the eTPb 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: 

V̇ (t) ≤ − 
1 
eT Qe + eTQbw ≤ 0 (47)

2 
Barbalat’s lemma is used to indicate that lim e = 0, it has 

t→∞ 
to be shown that e ∈ L2 and ė is bounded, such that the term 
in (45) can be described as: Z t 

V̇ (τ ) dτ = V (t) − V (0) (48) 
0 

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

×(−1)
V̇ (τ ) dτ = V (t) − V (0) −→ − V̇ (τ ) dτ 

0 0 
= V (0) − V (t) < ∞ (49) 
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Also by considerin λ̂ as the maximum eigenvalue of Q 
in (36), and taking (41) into account, it can be shown that 

1 
eT Qe ≤ 

1 
λ̂ kek2 (50)

2 2 

Taking (43) into account, such that 

ˆ

Z t 1 
λ kek2 dτ < ∞ (51)

2 

And therefore: Z t 1/21 
λ kek2 dτ < ∞ (52) 

0 

ˆ

2 

That shows e ∈ l2 which implies that ė ∈ L∞, and thereby 
the asymptotic convergence of the tracking error e is derived 
using the Barbala’s lemma 

0 

lim 
t→∞ 

|e| = 0 (53) 

This completes the proof of proposed controller 
stability �. 
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|2f,g) 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|2 ∗ ).f,g
Furthermore, the approximation errors of Ef and Eg are 
defined as � � 

f̃ 
� �

∗ ef , x|2 − f̃ x|2ff � � � �
∗ eg , g̃ x|2 − f̃ x|2g (54)g 

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

1 � �2Ef,g (t) = ef,g (55)
2 

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

∂Ef (t)∗ ∗ 2f (t + 1) = 2f (t) − η 
∂2 ∗ 

f (t) 

∂Eg (t)∗ ∗ 2 (t + 1) = 2 (t) − η (56)g g ∂2 ∗ (t)g 

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

∂Ef (t) ∂e (t) ∂x (t) ∂ f̃ (t)
∗ ∗ 2f (t +1) = 2f (t)−η 

∂e (t) ∂x (t) ∂ f̃ (t) ∂2f 
∗ (t) 

∂Eg (t) ∂e (t) ∂x (t) ∂ g̃ (t)
∗ ∗ 2g (t +1) = 2g (t)−η

∂2 ∗ (57)
∂e (t) ∂x (t) ∂ g̃ (t) g (t) 

The minimum of the error functions are reduced based on 
the obtained first-order iterative method and the step size 

term η is allowed to change iteratively. Considering the min-
imization functions Ef,g being convex and ∂Ef,g Lipschitz 
and selection of η through the (51), the convergence to the 
minimum is updated and ensured considering the learning 
rate as follows. � �T � � 

θ f (t) − θ f (t − 1) Ef (t) − Ef (t − 1) 
η (t) = 
 
 (58)
 2
Ef (t) − Ef (t − 1) 

In order to decrease the monotonic decrement of the step 
size term, the accumulated previous squared gradients are 
condensed into a certain window 9 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: 

∂Ef,g (t) 
= rθ i (θ) (59)

∂θ f,g (t) 

Considering the running average at time t is denoted by 
E[(rθ i (θ))2]t which can be calculated as [36]: 

2E[(rθ i (θ))2]t =8E[(rθ i (θ))2]t−1 +(1−8) (rθ i (θ))t 

(60) 

where 8 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 

θ f,g (t + 1) = θ f,g (t) − ηrθ i (θ) (61) 

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

1θ t = θ f,g (t + 1) − θ f,g (t) 
η 

= −√ �rθ i (θ) (62)
Gt + � 

where � is the matrix-vector operator, and Gt 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 [1θ ]t = (1θ t + �)0.5 (63) 

It is noteworthy that the diagonal matrix can be substituted by 
decaying average across previous gradients E[(rθ i (θ))2]t . 
The computed updates can be shown as 

η 
1θ t = − rθ i (θ) (64)

RMS [1θ ]t 
However, the output in (61) is unidentified and thereby, 
(62) can be calculated by employing the exponentially decay-
ing of (61) across a window 9 instead of the learning rate 
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obtained in the previously step which finally can be presented 
as: 

RMS [1θ ]t−1 ∂Ef (t) ∂e (t) ∂x (t)
∗ ∗ 2f (t + 1) = 2f (t) − 

RMS [1θ ]t ∂e (t) ∂x (t) ∂ f̃ (t) 
∂ f̃ (t)

× 
∂2 ∗ 

f (t) 

RMS [1θ ]t−1 ∂Eg (t) ∂e (t) ∂x (t)
∗ ∗ 2g (t + 1) = 2g (t) − 

RMS [1θ ]t ∂e (t) ∂x (t) ∂ g̃ (t) 
∂ g̃ (t)

× (65)
∂2 ∗ (t)g 

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 
(EM5) 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/s2)2/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 γf and γg 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, 

FIGURE 4. PSD of cabin excitations (EM5) with respect to the frequency 
based on ISO 7096. 

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/s2 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 m2/s3 for the same 
control strategies, respectively (Fig. 5). 

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 m2 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/s2, 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 m2/s3, 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 

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 {mi = mi + 0.15mi sin (t) , 
cj = cj + 0.15cj sin (t) & kj = kj + 0.15kj sin (t) ; 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. 

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 

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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