ARCHIVES OF MECHANICS 41+

Arch. Mech. 71 (4-5), 291-313, 2019, DOI: 10.24423 /aom.3098 2018

Computational method for shaping the vibro-isolation
properties of semi-active and active systems

T. KRZYZYNSKI, I. MACIEJEWSKI

Department of Mechatronics and Applied Mechanics, Faculty of Technology and
Education, Koszalin University of Technology, Sniadeckich 2, 75-453 Koszalin,
Poland, e-mails: tomasz.krzyzynski@tu.koszalin.pl, igor.maciejewski@tu.koszalin.pl

THE PAPER DEALS WITH AN ORIGINAL METHODOLOGY FOR MODELLING and control
system design of the semi-active and active systems. At first a generalised simulation
model of the vibration reduction system is formulated in such a way that it represents
the dynamics of human body exposed to mechanical vibration. Then a novel control
system design is proposed in order to adjust force characteristics of the fundamental
elements included in the suspension system and consequently to reduce the harmful
effects of vibration. Finally, a computational method is experimentally verified by
selecting the vibro-isolation properties of an exemplary horizontal seat suspension
for a specific input vibration.
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Notation

A; state (system) matrix (i = z,y, 2),

Bsi input matrix corresponding to the excitation signal (i = z,y, z),

B.i input matrix corresponding to the control signal (i = z,v, 2),

C; stiffness matrix of the bio-mechanical model of human body (i = z, y, 2),

Cii, C2i  output matrices (i = z,y, 2),

D; damping matrix of the bio-mechanical model of human body (i = z,y, 2),

D1, Dasi, feedthrough (feedforward) matrices corresponding to the excitation signal
(1 =Y, Z)7

Diai, D2ai feedthrough (feedforward) matrices corresponding to the control signal
(i =Y, Z)7

K; output feedback gain vector (i = z,y, z),

k1i control parameter corresponding to the relative displacement feedback loop
(i =Y, Z)7

kai control parameter corresponding to the absolute velocity feedback loop
(1 =LY, Z)a

F.; vector of the active forces (i = z,y, 2),

Fg vector of the exciting forces (i = z,y, z),

Fa desired force of the actuator (i = z,y, 2), N,

M; inertia matrix of the bio-mechanical model of human body (i = z, y, 2),

q; displacement vector of the bio-mechanical model of human body (i = z,y, 2),
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Qi displacement of the isolated body for the selected direction of the vibration
exposure (i = z,y,2), m,

Qsi displacement of the input vibration (i = z,y, z), m,

Sti suspension travel for the selected direction of the vibration exposure (i = z,y, z), m,

TFE; frequency weighted transmissibility factor for the selected direction of the vibration
exposure (i = z,y, z),

Ui control signal (i = z,y,2), V,

Wwsi  vector of the external disturbances (i = z,y, 2),
Xd vector of the selected decision variables,

X; state vector (i = z,y, 2),

Vi measurement vector (i = x,y, 2),

Z; output vector (i = z,y, z).

1. Introduction

PASSIVE VIBRATION REDUCTION SYSTEMS are commonly assembled by utilis-
ing inertial and visco-elastic elements. Even though they dissipate a consider-
able portion of the oscillation energy over a higher range of frequencies, large
amplitude oscillations are amplified at the system’s resonant frequencies [1]. As
a result, it is difficult to absorb vibration energy when the frequency of its os-
cillations matches the system’s natural frequency [2]. Therefore semi-active or
active suspension systems have to be employed for the purpose of increasing the
vibration damping effectiveness [3].

Unluckily, the dynamic characteristics of most actuators are modelled as
strongly non-linear functions due to the system constraints and its design re-
quirements. Thus, the advanced control strategy has to take into account the
non-linear modelling of such actuators as well as their time variation behaviour.
Nowadays, different kinds of non-linear drives (e.g. pneumatic, hydraulic, elec-
tromagnetic) are employed as the force generators for attenuating shock and
vibration inputs transmitted to the human body [4]. There are several methods
of the semi-active and active vibration control including sliding-mode control [5],
adaptive robust control [6] or fuzzy logic control [7|. Nevertheless, it is not ac-
knowledged how to predict and adapt the desired active force for various working
conditions. There is a lack of sophisticated procedures for control synthesis and
selecting the optimal control parameters if the vibration reduction systems are
described by non-linear equations of motion.

In the paper a complex method for shaping the vibro-isolation properties
of semi-active and active systems is proposed in order to obtain an optimal
vibration isolation of the human body. The feedback control of the vibration
reduction system is intended to improve its dynamics and shape the system
characteristics especially for a specific vibro-isolation process (Fig. 1). A linear
state-feedback control law is applied in order to evaluate the desired active force
by means of the primary controller. However, the feedback gains are calculated
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Fi1a. 1. Block diagram of the overall control structure of vibration reduction systems.

by using the Pareto-optimal approach unlike in conventional control methods.
For instance, the Linear-Quadratic (LQ) control theory [8] is often employed for
determining the optimal control to minimise a performance index of suspension
systems. The LQ control can be used in the initial design process to obtain
the global overview of all possible optimal solutions for the selected trade-off
between regulation performance and the control effort. Further search of the
best solution is possible using a computational method proposed in this paper,
which can accept the vibro-isolation criteria representing the varied sensitivity
of the human body in different frequency ranges.

The H-inf control is intensively discussed these days in the context of ro-
bustness and disturbance attenuation of the semi-active or active suspension
systems [9, 10]. The paper [9] clearly shows that H-inf control effectively deals
with the conflicted suspension performance problem by using a multi-objective
functional. Two main performance requirements are normally considered for the
advanced seat suspension systems, i.e. ride comfort and suspension deflection.
It is established in the H-inf framework to use weighting functions in order to
shape a proper compromise between these conflicted requirements, however the
robust H-inf control is applicable for uncertain linear systems. The paper [10]
presents a robust output feedback control design for an active suspension system
considering uncertain driver’s biodynamics. A specific model of the seated hu-
man body under vertical vibration is considered as well as in many other studies,
while in this paper a generalised methodology for modelling and the control sys-
tem design is proposed. Unlike in existing papers a lumped parameter model of
the human body model may be adopted for different directions of the vibration
transmission.
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Assuming that the desired force is determined by the primary controller,
then such a force has to be reproduced by the semi-active or active actuator of
non-linear characteristics (Fig. 1). This can be achieved by using the force track-
ing control system that adjusts controllable drive. Typically, the force tracking
control system is handled by applying an internal force feedback [11]. Differ-
ently from conventional force control techniques, in this paper an inverse model
of the control element has to be calculated instead of applying any force feed-
back. A specific force characteristics of the chosen actuator and its parameters
should be evaluated experimentally in order to get a high compatibility between
the model and reality. If some model parameters are not well-defined, the lower
agreement between the desired force and the actual actuator force can be ob-
tained. Therefore, the proposed computational method works properly when
a reliable model of the force actuator is created.

Such a proposed control system allows shaping vibro-isolation properties of
the system for the specified excitation signals and different working conditions.
Using a unique vibration control system, whose structure and individual compo-
nents are proposed in this paper, it is possible to find a set of the compromising
system configurations (Pareto-optimal solutions) that are selected by suitable
changing of the control parameters.

2. Overall configuration of the proposed methodology

The block diagram for an overall configuration of the proposed methodology
is shown in Fig. 2. At the beginning, random input signal must be generated in
order to reproduce vibration occurring in a specific working machine. Then the
dynamical behaviour of vibration reduction system has to be numerically sim-
ulated in the interest of shaping the vibro-isolation properties of semi-active as
well as active systems. Output signals of the simulation model are required for the

Rand Input QUtpLIJt Vib
andom vibration ; ; signals _Vibro-
input Srlnrrg)lélgltg)fn isolation
signals the system properties
Control Measured
inputs A outputs Conlicted
optimisation
Contyoller citeria
Desired

controller -
settings Multi-
criteria

optimisation

Fi1G. 2. Block diagram of the computational method for shaping vibro-isolation properties.
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sake of evaluating the risks to health from whole-body vibration. Subsequently,
multi-criteria optimisation is used for determining the control parameters that
provide the best system performance in view of the conflicted requirements for
modern suspensions.

3. Simulation model of the vibration reduction system

In this paper the computational model of the vibration reduction system is
required for the purpose of simulating its dynamic response under various input
vibrations. An accurate prediction of the system dynamics is extremely helpful
for designing a controller and it supports further optimising of its parameters.

Model parameters

m 0 ... 0 da1i -1ai ... -dyy; C11i -C12i -+ ~Cyp

0 0 .. mn_ 'dlni 'd2ni dnni “Cini “Coni *** Chni
Inertia matrix Damping matrix Stiffness matrix

Gai
BRI T
i
.. . i Qai
Jqsi(t)dt N
9 TFcij TFdij TFaij MV
' Model structure Output signals

t
ydsi(t)dt ? ¢

7

dsi

Input
vibration

qu(t) Q1i-Qsi 01i-Qsi
Adjustable Adjustable Ti-Gsi G10si
spring damper Force actuator

Force characteristics

Fic. 3. Block diagram for numerical simulation of the dynamic behaviour of vibration
reduction systems.
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In order to prepare such a complex simulation model, the system modelling
equations have to be combined together with the complete control strategy for
the purpose of studying the closed-loop behavior at different values of the control
parameters. A generalised simulation model of the semi-active or active vibration
reduction system is shown in Fig. 3.

Firstly, the input vibration block (Fig. 3) should be created due to necessity of
generating the random acceleration §s(t) for a specific direction of the vibration
exposure (i = z,y, z). Such an acceleration signal must be integrated twice over
time to calculate the velocity ¢s(t) and displacement ¢s(t) that are required
as input signals to the simulation model. The forces of adjustable spring Fi;,
adjustable damper Fg;; or force actuator Fjj; are used to protect the human
body against unhealthy vibrations. The force characteristics of such controllable
elements have to be determined for a unique system solution of the semi-active
or active suspension as non-linear functions of the input signal u; and the system
relative displacement ¢i; — g5 and/or relative velocity ¢1; — gs;.

Secondly, a model structure describing the human body dynamics must be
defined in the basis of well-known bio-mechanical models [12-14|. Their equa-
tions of motion shall be expressed for a single-axis (i = z,y, z) of the vibration
exposure as follows:

(3.1) Miqi + Diqi + Ciqi = —F4 + Fyu, i=uz,y,2

where: q; is the vector of isolated body displacements, M; is the inertia matrix,
D; is the damping matrix, C; is the stiffness matrix, Fg is the vector containing
exciting forces and F; is the vector of forces applied actively.

The inertia matrix M; is a diagonal matrix (size n X n) and it designates
particular masses included in the chosen bio-mechanical model of human body:

mp 0 0 0
0 mg 0 0
(3.2) M=|0 0 mz--- 0

0 0 0 ...my

The damping matrix D; is a symmetric matrix (size n X n) and must be
specified for a single-axis (i = x, vy, z) of the vibration transmission:

[ diyi —digi —dizi o —dini
—di2i dagi —dazi -+ —doni
(3.3) D; = |~ —dasi dszi -0 —dami| | =gy, 2,

| —dini —doni —d3ni -.. dnni |
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where the individual elements appearing on the principal diagonal are calculated
as follows:

di1; = dii + dioi +disi + - - - + dini,
dooi = dai + di2i + dozi + - - - + doni,
(3.4) d3si = dgi + d13; + da2si + - - - + d3ni, i=x,y, 2

dyni = dpi + dini + dopi + -+ + d(n—l)niv

The stiffness matrix C; is also symmetric (size n x n) and should be delivered
in the following form:

C11i —C12i —C13i *** —Clni
—C12i €221 —C23i **° —C2ni

(3.5) C;y= €181 —C3i €33 ' —Gnil|, i=ux,y,z2,
| —Clni —C2ni —C3ni --- Cnni |

together with the following elements that are located on its principal diagonal:

C11i = C1i + C12i + C13i + -+ + Cini,
C22i = C2i + C12i + C23i + - -+ + Coni,
(3.6) €331 = C3i + €131 + C23i + -+ + Cani, i=uz,y,2.

Coni = Cni + Cini + Coni + - + Cm—1)ni

A suitable choice of the individual values of masses m1,ma, ..., my, damping
di1i, d12i, - - - , doni and stiffness c11i, 121, . . ., cani coefficients allows to reflect the
human dynamics exposed to whole-body vibrations, and thus to calculate the dis-
placements qii, gi, - - - , gni Of particular bodies included in the model. The output
acceleration ¢i;(t) is necessary for measuring the human exposure to vibration,
while the output velocity ¢1;(t) and output displacement g;i(¢) are required for
vibration control by using the adjustable spring, adjustable damper or force
actuator.

4. Vibration control system

The control system synthesis is performed on the basis of a generalised model
of the hybrid suspension that is shown in Fig. 4. Such a model is intensely dis-
cussed in the modern literature because it captures the essential dynamical prop-
erties of different suspension systems [15, 16]. The damping dj1;, d12i, - - - , dnni and
stiffness c¢y1i, €191, - - -, cani coefficients correspond to the human body part mov-
ing free without any support (for example head movements), while the damping
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dyi, dai, . . ., dyp;i and stiffness cij, cai, . . ., ¢y coefficients (Fig. 4) represent the re-
action of the human body to immovable elements in the vehicle (for example
hands on the steering wheel).

3
N

Q
)

‘ my ‘ qui
Csi dsi T ; Set
|- | Fa Primary points
controller
\ 7 AN | 1Gsi

Passive suspension  Active suspension

Fic. 4. Generalised model of the hybrid vibration reduction system for one direction of the
vibration transmission (i = z,y, z).

In order to depict a movement of this system, the following state variables
are chosen:

(4.1) xi(t) == [qui, qi> G2, G2is - - - » Qo i) 5 i=uw,y,2

where qii, qoi, - - -, qn; are the displacements of the particular elements contained
in the bio-mechanical model of human body (Fig. 4) and qii, §oi, - - - , gn; are the
corresponding velocities.

The external disturbances interfere with a proper functioning of the con-
trolled system and they are included in the model as follows:

(42) WSi(t) = [qSia qSi]Ta 1= r,Yy,z
where ¢ and ¢ are the displacement and the velocity of input vibration, re-
spectively.

The state-space equation of hybrid vibration reduction system is then achiev-
ed by employing the Linear Fractional Transformation (LFT) technique [17] in
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the following manner:
(4.3) Xi(t) = AiXi(t) + BsiWsi(t) + BaiFai(t)7 i=uzy,2

where: F; is the force that should be provided into the system actively for the
sake of reducing harmful vibrations.
The state (system) matrix is given in the following configuration:

0 1 0 o --- 0 0
_cn _di ci2i di2i ... Cini dini
mi mi mi mi mi mi
0 0 0 1 -0 0
(4 4) A = C12i digi __cooi _dogi ... Coni doni
. 1 mo mo ma ma m2 m2
0 0 0 o --- 0 1
Clni dini Coni doni ... _ Coni __ duni
L Mn Mn Mn mMn Mn Mn 4
The selected damping dy1;, dosi, - . ., dnn; and stiffness ci1i, €221, . . ., Cani coefli-

cients should be calculated according to Egs. (3.4) and (3.6).
The input matrices are defined utilising the following structure:

0 0 7
Csi s 1
m1  mi mi
0 0 0
(4.5) Bs=|0 0], B,=1|0
0 0 0
L 0 0 | | 0 |

In turn, the acceleration ¢§y; of a suspended body and the relative displace-
ment q1; — ¢s; of the suspension system are designated as the output variables,
therefore the output vector is given as follows:

(4.6) zi(t) =[G, qu —ga]',  i=a,y,2

Then, the output equation should be defined as:

(4.7) zi(t) = C1ixi(t) + Disiwsi(t) + D1aiFai(t), i=uz,y,2
together with the related output matrix:

_ci1i _dig ciai digi .., Cini dini
(48) Cll = mi mip mi1 mi mi1  mi

r 0 o0 0 --- 0 0
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The feedforward matrices are determined by using the subsequent formula:
Csi dsi 1
(4.9) Dy = [7_”11 o ] ; Diai = [mol ] :

The relative displacement ¢; — ¢s; of the suspension system and the absolute
velocity ¢1; of a suspended body are required to be measurable. There are many
high-resolution sensors available on the market that are used for distance and
position measurements. Accelerometers are most commonly used to measure
vibration, however an acceleration signal has to be integrated in order to obtain
the velocity signal. In practice the integration of an acceleration signal shall be
realized simultaneously with high-pass filtering to prevent spurious offsets, drifts,
etc. Hence the measurement vector can be successfully presented in the following
form:

(410) Y1(t) = [‘hi — (i, (hi]Ta 1= z,Y,z.
Consequently, the measurement equation is formulated in the following manner:
(4.11) yi(t) = Coixi(t) + Dosiwei(t) + Daai Fui(t), i=uz,y,2

together with the corresponding matrices:

1000---00
(4.12) 021_[()100---00}’

~1 0 0
w b= [0, o [1].

As follows from Eq. (4.11), the state feedback control problem is solved by
utilising the following regulation strategy of the suspension system:

(414) Fai(t) = KiYi(t)a i=uw,y,2

where: K = [k, kai] is the output feedback gain vector to be designed especially
for a specific input vibration. Although the proposed control strategy (Eq. (4.14))
does not take into account the limited suspension displacement, further in this
paper the multi-criteria optimisation is employed in order to select such values
of the control parameters which prevent end-stop impacts caused by the large
amplitudes of the input vibration.

In this paper it is suggested to reproduce the desired active force Fy; by
using the inverse model of a specific control element. Current values of the control
signal u; shall be calculated regarding to an unique control strategy that includes
the following elements:



COMPUTATIONAL METHOD FOR SHAPING THE VIBRO-ISOLATION. . . 301

e adjustable spring

flquii — gsi, Fai)  for Fai(qui — gsi) > 0,
4.15 U =
(4.15) ' {0 for Fyi(qii — ¢si) < 0;
e adjustable damper
f((jli - (jsiv Fai) for Fai(dli - (jsi) > 0,
4.16 u; = . .
(4.16) 1 {0 for Fai(gii — dsi) < 0;

e force actuator

(4.17) wi = f(qui — Gsi, qui — Gsi, Fai)

where q1; — gsi and ¢1; — ¢s; are the signals taking into account the actual work-
ing conditions of particular control elements for the different directions of the
vibration exposure (i = z,y, 2).

5. Example: Control synthesis of the horizontal suspension system
with seated human body

5.1. Physical and mathematical model of the system

An exemplary seat suspension system, that is under investigation in the fol-
lowing paper, is shown in Fig. 5. In this system a simplified model of the hu-
man body is utilised for reproducing its biodynamic response in the horizontal
x-direction of the vibration exposure [13]. The human subject is represented as
a 3-DOF lumped parameter model with three interconnected masses by using
linear springs and dampers. The first mass corresponds to the seat upper part
frame (m;), while the subsequent masses represent the sitting part of the hu-
man body (mg) in contact with the back support and the sitting part of the
human body (ms3) not in contact with the back support. The equivalent stiffness

(a) (b)

Qsx qix
= -

j/\/\/’ C1ax
Y

e

Fi1G. 5. Physical model of the active horizontal seat suspension with seated human body (a)
and laboratory experimental set-up (b).
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c12x and damping djox coefficients describe visco-elastic properties of the human
body part in contact with the back cushion. In turn, the coefficients cox and
dax characterize the reactions exerted by hands on the steering wheel while the
coefficients co3x and daosyx define the head movements that are carried out without
the back support. The kinematic excitation gs is applied in order to generate
mechanical vibration of the modelled structure.

To calculate the desired force F,x that have to be introduced into the system
actively, the linear spring cg and linear damper dg are used for the purpose
of reproducing the general dynamic properties of the suspension system. Such
a linear suspension system may be described by employing a state space rep-
resentation, thus the following state variables are chosen to express the human
body movement in response to mechanical vibration:

(51) Xx(t) = [q1x,41xaQQxa(bxaQSXaQSX]T

where qi1x, g2x, ¢3x and qix, §2s, §3x are the corresponding displacements and ve-
locities of the human body model (Fig. 5a). The displacement gs and velocity
Gsx of the input vibration are selected as the external disturbances that affect
a proper functioning of the modelled system:

(52) st(t) = [QvaQSX]T-

A state-space equation of the system is achieved by considering the active force
F.« to be introduced into the system as an output from a controller:

(5.3) Xy (1) = AxxXx(t) + BaeWe (£) + BaxFax(t).

The state (system) matrix is presented as the succeeding expression:

0 1 0 0 0 0
_cux __diix Ci2x d12x
mi mi mi mi 0 O
0 0 0 1 0 0
(5~4) Ay = C12x diox  __coax __do2x  Coni doni
mo mo m2 m2 m2 ma2
0 0 0 0 0 1
C23x dosx  __c33x _ d3sx
L 0 0 ms3 ms3 ms3 m3

Than, the input matrices take the following form:

[0 07 0
Csx  dex 1
mi1 mi mi
0 0 0
. By = ., Bu=
(53) «=|0 0 w0
0 0 0
L 0 0 L 0 ]
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The following damping d1x, doox, d3sx and stiffness c11x, c22x, C33x coefficients are
determined with the assistance of further relationships:

di1x = diox + dsx, Clix = C12x + Csx,
(5.6) daox = dox + diox + do3x, C22x = C2x + Clax + C23x,
d33x = da3x, C33x = C23x-

In order to control the vibration damping effectiveness, the suspended body
acceleration §ix and the relative displacement g1 — gsx of the suspension system
are selected, hence the output vector is defined as:

(57) zx(t) = [dlxa qix — QSX]T'
Consequently, the output equation is formulated in the following way:
(5.8) ZX<t) = ClXXX(t) + Dlstsx(t) + DlaxFa.x(t)

together with the following output matrix:

mi mi mi mi

o _cux _dux cx dizx () ()
5.9 = .
(5:9) ! [ 1 0 0 0 0 0}

Successively, the feedforward matrices are supplemented as shown below:

Csx  dsx 1
— [ m1 m — [ "1
(510) Dlsx |:_11 01:| , Dlax |: 0 :| .

Using such a system configuration it is required to measure the relative dis-
placement ¢1x — gsx of a seat suspension and the absolute velocity ¢i1x of an
isolated body. The actual suspension deflection is evaluated easily by a cable
extension position sensor that measures a relative displacement between the
isolated body ¢ix and the input vibration gs. The absolute velocity ¢ix of a sus-
pended body is obtained by integrating the acceleration signal which is measured
by using a linear accelerometer. In this paper an analog integrator together with
high-pass filtering (an electronic device developed at the Koszalin University of
Technology) is employed in order to compute the velocity signal without any
drifting effect.

Thus the measurement vector is given as follows:

(511) YX(t) = [Q1x — Qsx; (jlx]T-

The corresponding measurement equation is given as the following arrangement:

(512) yx(t) = CZXXX(t) + DQSstx(t) + D2axFax(t)
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together with the additional matrices:

100000
(5.13) Cox = [0 1000 0]’

-1 0 0
o) b= [0 o]

According to the state feedback control problem (Eq. (4.14)), the desired
active force is attained by applying the following control policy:

(5.15) Fax(t) = Kxy« (1)

where the output feedback gain vector Ky = [kix, kox] includes the proportional-
ity factor kix of the relative displacement feedback loop and the proportionality
factor kox of the absolute velocity feedback loop.

5.2. Multi-criteria optimisation of the control parameters

The control parameters z4q1 := kix and xqo := koy are selected as the deci-
sion variables that influence the dynamical properties of the suspension system
significantly. Therefore a vector of the decision variables is determined as follows:

(5.16) X4 = [chl, de]T

Then the transmissibility factor TFE is chosen as the primary optimisation
criterion:

(5.17) min TFEx(x4)-
d

The value of this criterion is expressed as a percentage ratio of the frequency-
weighted acceleration measured at the seat surface to the frequency-weighted ac-
celeration coming form the input vibration [18]. The frequency weightings based
on [19] are employed to represent the varied human sensitivity to mechanical
vibration at different frequency ranges.

The secondary optimisation criterion (suspension travel siy) is transferred to
the non-linear inequality constraint as following:

(5.18) Stx(Xd) < Stxj

where s is the constraint value of suspension travel. Its value demonstrates
the maximum deflection (rebound) of the suspension system relative to the seat
base. Such an optimisation criterion should be also minimised in order to provide
the desired contact with the driver’s steering devices [20].
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In this paper the concept of Pareto-optimality is implemented [21] and the
optimisation procedure is carried out by applying random starting points that

o

]
o

N
o o

Bandwidth = 11 Hz

Magnitude [dB]

)
(S

10° 10" 102

Frequency [Hz]

(b)

o

BN '
o o &

Bandwidth = 17 Hz

Magnitude [dB]

)
(S

10° 10" 102

Frequency [Hz]

F1G. 6. Frequency response of the applied actuators: magneto-rheological damper (a),
pneumatic muscles (b) and their corresponding frequency bandwidths.
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Fig. 7. Time histories of the acceleration input signals: AT1x (a), AT2x (c), RV1x (e),
simulated (solid line) and measured (dashed line) power spectral densities of horizontal
excitation signals: AT1x (b), AT2x (d), RV1x (f).
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are generated within knowingly specified bounds of the decision variables. There
are two actuation systems considered for vibration control of the seat, i.e. the
magneto-rheological damper (semi-active suspension) and the pneumatic mus-
cles (active suspension). Frequency responses of the applied actuators and their
corresponding frequency bandwidths are shown in Fig. 6. A detailed description
of the system modelling equations can be found in the Authors’ previous papers
[22, 23].

The vibro-isolation behaviour of semi-active and active suspension is selected
individually for the following horizontal input vibrations that affect the drivers
of different machinery at work:

e AT1x — agricultural tractor on road at speed 30 kph,
e AT2x — agricultural tractor on road at speed 40 kph,
e RV1x — rail vehicle.
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FiG. 8. Pareto-optimal point distribution (bullets) of semi-active system for the selected
input vibration: AT1x (a), AT2x (c), RV1x (e) and active system for the selected input
vibration: AT1x (b), AT2x (d), RV1x (f).
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The test inputs listed above are measured as a part of the work that has been
done by Isringhausen GmbH & CO. KG as well as established within the frame-
work of the European research project VIBSEAT [24]. Time histories of the
accelerations and corresponding power spectral densities of the mentioned hori-
zontal input vibrations are shown in Fig. 7.

Ten Pareto-optimal system configurations are identified for the excitation sig-
nals with specific spectral characteristics. In Fig. 8 the Pareto-optimal point dis-
tribution of semi-active and active suspension systems is presented. The marginal
solutions shown in this figure defines the extreme system configurations, i.e. the
solution No. 1 indicates very stiff suspension, however the solution No. 10 des-
ignates very soft suspension. The solutions shown between points from No. 2 up
to No. 9 establish compromising configurations of the seat suspension system.
They are represented by a specific set of the decision variables that is assigned

to the corresponding control parameters (see Figs. 9 and 10).

Fic. 9. Optimal control parameters of the semi-active suspension with MR damper obtained
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for the following input vibration: AT1x (a—b), AT2x (c—d), RV1x (e-f).
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F1a. 10. Optimal control parameters of the active suspension with pneumatic muscles
obtained for the following input vibration: AT1x (a-b), AT2x (c-d), RV1x (e-f).

5.3. Laboratory examination of the seat vibration control by using semi-active
and active suspension system

The laboratory examination of the semi-active and active seat suspension is
executed with the use of the NI cRIO-9074 embedded controller which is applica-
ble for advanced control and monitoring applications. Such a hardware controller
features a real-time processor that allows to implement control strategy by utilis-
ing a graphical programming language LabVIEW®). Using this controller sophis-
ticated control algorithms are programmed for regulating the force of magneto-
rheological damper (semi-active system) as well as for adjusting the air pressure
inside pneumatic muscles (an active system). Optimal values of the control pa-
rameters for semi-active (Fig. 9) and active seat suspension systems (Fig. 10)
are included in the designed control policy that is optimised relative to the
conflicted vibro-isolation criteria. In this paper the system configuration close
to the Pareto-optimal solutions No. 10 is investigated experimentally for which
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the transmissibility factors TFEx have the lowest values. The obtained suspen-
sion travels sty indicate acceptable ranges of the system relative displacements,
therefore undesirable contact with the end-stop buffers may occur occasionally.

N
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Fia. 11. Transmissibility functions of the passive (dash-dotted line), semi-active (dashed
line) and active (solid line) horizontal seat suspension obtained by using simulation model for
different spectral classes: AT1x (a), AT2x (c), RV1x (e) and measured experimentally for
different spectral classes: AT1x (b), AT2x (d), RV1x (f), human body mass 90 kg.

Transmissibility functions of the passive, semi-active and active seat suspen-
sion for the particular input vibrations, i.e. AT1x, AT2x and RV1x are illustrated
in Fig. 11. As shown in this figure, a satisfactory effectiveness of vibration reduc-
tion is noticeable almost in the whole frequency range of an excitation signal.
Nonetheless, an amplification of the vibration amplitudes is observed for the
semi-active seat suspension at rather low frequencies (below 1 Hz). This effect
is caused by an insufficient force of the magneto-rheological damper when its
cycling is relatively slow. In that frequency range the whole-body vibration are
strongly reduced by means of the pneumatic muscles that are powerful enough
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to absorb the harmful vibration energy. It should be noted, that the transmissi-
bility of over 2 at a low frequency range is caused by a lack of the input vibration
(see Fig. 7). In order to evaluate the quality performance of the seat suspension
system, the transmissibility function is used as a ratio of the isolated body vi-
bration in relation to the input vibration. If the vibration amplitude of input
signal is close to zero at low frequencies then the transmissibility function tends

to infinity.
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F1a. 12. Step response of the semi-active (dashed line) and active (solid line) horizontal seat
suspension (a) and corresponding controller error with respect to time (b).

Although the comparison between control responses is shown in Fig. 11, the
transmissibility functions alone do not show why the semi-active and active sys-
tems behave differently. The actuator dynamics play a significant role regarding
the system effectiveness, therefore a step response of the semi-active and active
horizontal seat suspension is considered in Fig. 12a. The corresponding con-
troller error with respect to time is presented In Fig. 12b. As it is shown in
both figures, the active system with pneumatic muscles is capable to attenuate
vibrations much more efficiently than the semi-active system with MR damper.
The time response of an active system is considerably shorter and the controller
error is quickly eliminated by the proposed control strategy. The step response
of semi-active system points out substantial oscillation around the set-point thus
a meaningful overshoot is occurred by this kind of vibration control.

Table 1. Numerical values of the transmissibility factors and suspension travels
obtained for excitation signals: AT1x, AT2x, RV1x, human body mass 90 kg.

Passive | Semi-active Active
Input |TFEx | stx, | TFEx | stx, | TFEx | Stx,
vibration | factor | mm | factor | mm | factor | mm
AT1x 1.104| 5.3| 0.922|17.2| 0.521|23.3
AT2x 1.132] 6.9] 0.854|12.3| 0.338|13.9
RVix 1.107| 0.2 1.129| 0.7| 0.564| 2.1
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The measurements results obtained for the human weight of 90 kg are com-
pared in Table 1. As summarised in this table, the transmissibility factors TFEy
measured for the active suspension are lower of about 50% compared to the
semi-active system. This clearly shows that the vibration damping effectiveness
of the suspension system with pneumatic muscles is much higher than the sys-
tem with magneto-rheological damper. Nevertheless, the active system requires
a larger suspension stroke in order to efficiently reduce vibrations transmitted
to the driver of different machinery.

6. Conclusions

This paper offers an original methodology for shaping the vibro-isolation
properties of semi-active and active systems. Their dynamic characteristics may
be consciously selected for a specific input vibration that adversely affects the
human body at work. A generalised model of the human body effectively sup-
ports a control system synthesis for a single axis of the vibration transmission.
Moreover, the multi-criteria optimisation can be successfully employed to find ap-
propriate values of the control parameters in respect to conflicted vibro-isolation
criteria. The vibro-isolation properties of semi-active and active vibration reduc-
tion systems are capable to be adjusted in accordance with the Pareto-optimal
system configuration.
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