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Abstract

®

CrossMark

In the present study, the performance of model-free adaptive fuzzy sliding mode control (AFSC)
for the magnetorheological elastomer based adaptive tuned vibration absorber (MRE ATVA) has
been investigated theoretically and experimentally. A room temperature vulcanized silicone
rubber and Carbonyl iron particles form the constituents of MRE. Sliding mode and AFSCs have
been developed. The boundary layer is applied for sliding surface to reduce chattering effect in
the sliding mode control, in case of the AFSC, two fuzzy systems approximate the equivalent
control and switching control. The Lyapunov theorem evaluates the asymptotical stability of the
developed adaptive control based on fuzzy systems. The performance is compared for both the
controls subjected to single frequency excitation. Further, the AFSC has been investigated for
variable frequency excitation. The maximum reduction of transmissibility of primary mass is
38.14%. Based on the present study, the model-free AFSC is more effective in tuning the natural
frequency of MRE ATVA by 0.5 s with parameter uncertainties and under variable frequency
excitation as compared to the boundary layer sliding mode control.

Keywords: magnetorheological elastomer, vibration absorber, model-free, sliding mode control,
fuzzy system, adaptive control

(Some figures may appear in colour only in the online journal)

1. Introduction

Vibration causes severe issues in machine tools, civil struc-
tures and aerospace vehicles [1]. To attenuate the effects of
vibrations, vibration absorbers are employed on the dynamic
systems. Based on their working principles, vibration absor-
bers are classified as passive, semi-active and active [2].
Passive vibration absorbers offer a simple solution to the
vibration attenuation. However, due to their inherent constant
properties, passive absorbers work only for a narrow fre-
quency range. Furthermore, its performance deteriorates with
varying operating frequencies. Active vibration absorber
follows a more sophisticated approach where an opposite
force is applied to suppress the disturbances of the vibrating

0964-1726/19/045017+15$33.00

system. Though it provides an excellent solution for the
mitigation of vibration, it suffers from drawbacks such as
higher power consumption, sophisticated design and is best
suitable for flexible structures. Semi-active vibration absorber
overcomes the issues associated with both passive and active
vibration absorbers. It is similar to the traditional passive
vibration absorber, however with variable spring and damp-
ing properties, the semi-active absorbers effectively operate
for a wider frequency range. Further, the power consumption
is less in comparison with its active counterparts [3]. To
achieve the variable spring and damping properties, several
researchers have investigated for suitable smart materials such
as shape memory alloy [4], magnetorheological fluid [5, 6]
and magnetorheological elastomer (MRE) based materials

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. MRE ATVA: (a) schematic and (b) photograph.
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Figure 2. Plots of frequency shift of MRE ATVA: (a) transmissibility versus frequency and (b) damping factor versus frequency.

[7-10], with its variable dynamic properties, MRE has been
found to be a potential material in semi-active vibration
absorber. MRE is a composite material, consisting of a vis-
coelastic matrix with reinforcing iron particles. It changes its
dynamic properties under the influence of a magnetic field.
This field-dependent variations in the dynamic stiffness of the
MRE can be effectively implemented in the semi-active
dynamic vibration absorbers [11] resulting in magnetorheo-
logical elastomer adaptive tuned vibration absorber (MRE
ATVA). The objective of the controllers, in general, is to
rapidly tune natural frequency of the MRE ATVA with the
excitation frequency to reduce the vibrations of the primary

system [3]. At higher strain amplitude, nonlinearity and
uncertainties exist in the MRE, which makes it difficult to
tune the natural frequency of the MRE ATVA with excitation
frequency [12, 13]. This necessitates the use of robust or
adaptive control to tune the natural frequency of MRE
ATVA. Much work has been carried out on fabrication,
characterization [14-16] and modelling [17, 18] of MRE
based smart structures. However, less research has been
reported for MRE based smart structures with control strate-
gies [13]. Liao er al [19] investigated the developed MRE
based vibration isolator for tunable stiffness and damping
properties and implemented ON—OFF control for the random
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Table 1. Dynamic properties of MRE ATVA for variable magnetic field.

Magnetic Stiffness Damping Co-efficient

Current (A)  Voltage (V) field (T) Frequency (Hz) Nm™ (Nsm™h Damping factor
0 0 0 47 136 916.2 109.41 0.118
0.5 5.32 0.073 50 154 952.7 116.40 0.118
1 10.64 0.150 52 167 596.9 119.00 0.116
1.5 15.96 0.210 54 180 736.9 123.58 0.116
2 21.23 0.315 55 187 492.8 124.48 0.115
2.5 26.6 0.331 56 194 372.7 125.95 0.114

1 Phase-based stiffness tuning control algorithm for the MRE

xa (1) dynamic vibration absorber. The developed model-free

ke 1 o algorithm tunes the natural frequency of MRE dynamic

A1) l vibration absorber precisely in 4 s. The problems associated

| my |i xp(1) with the controllers as mentioned above can be overcome by

Figure 3. Schematic of dynamic vibration absorber.

base excitation of 2.5-18.75Hz for vibration reduction.
Behrooz et al [20] designed a model based Lyapunov control
for an MRE isolator to suppress the vibration of a three-storey
structure. Though the ON-OFF control and the Lyapunov
control have been well explored, there are some issues
associated with their implementation. The ON—OFF control is
simple and can be effectively used in the actual imple-
mentation to the system. However, its oscillatory response
limits its applications. On the other hand, the Lyapunov
controls need an accurate model of the MRE and it is chal-
lenging to obtain a precise model of the MRE systems [21].
Fu et al [21] developed model-free fuzzy control for MRE
vibration isolation system with a frequency shift of
107.3-187.3 Hz and a reduction of transmissibility of 54.4%.
Nguyen et al [22] studied modelling of the MRE base isolator
for seismic excitation and analysed the performance of fuzzy
control. A shift frequency of 2.5Hz with a maximum
reduction of 30% in the amplitudes was reported. The Fuzzy
logic control possesses certain advantages such as model-free,
robustness and universal approximation theorem. Never-
theless, it lacks in methodical design, stability analysis and
high computational load due to a larger number of fuzzy
rules. The performance of semi-active system also depends on
how quickly it can tune the natural frequency of the vibration
absorber with excitation frequency. Xu et al [23] studied the
performance of two-stage control strategies based on the
lookup table and step size optimization. However, the two-
stage control strategy takes a long time to tune the natural
frequency of semi-active dynamic vibration absorber due to
coarse and fine-tuning process. Liu et al [24] developed the
autotuning algorithm methods to coincide the natural fre-
quency of tunable vibration absorber with the excitation fre-
quency. Results show one of the proposed methods takes
more than 15s to tune the natural frequency of the tunable
vibration absorber accurately. Liao er al [3] investigated the

integrating the fuzzy system with sliding mode control [25].

The present paper focuses on the design and analysis of
sliding mode control and model-free adaptive fuzzy sliding
mode control (AFSC) for MRE adaptive tuned vibration
absorber (MRE ATVA). The sliding mode control is a non-
linear controller, and it is very effective even with disturbance
present in a system. But the conventional sliding mode con-
trol has a chattering issue associated with discontinuous
control output. This chattering can be overcome by providing
the boundary layer along the sliding surface. The dis-
continuous control output can be effectively smoothened with
a continuous function which is enclosed by a boundary layer
[26-28]. The proposed AFSC combines the sliding mode,
fuzzy logic, and adaptive control. The adaptive fuzzy controls
are used to approximate the control terms namely, the
equivalent control and switching control. Even with non-
linearity and parameter uncertainties of MRE ATVA, the
proposed control quickly and precisely tunes the natural fre-
quency of the MRE ATVA.

2. MRE based adaptive tuned vibration absorber

The developed adaptive tuned vibration absorber device
based on MRE has been discussed in the following sections.

2.1. Preparation of MRE

The constituents of the anisotropic MRE include room
temperature vulcanization based silicone rubber (Performance
Polymers, MoldSil 102LL with CAT 9) with Carbonyl iron
particles (BASF, Type CN, Average diameter 5 ym) as its
filler material. Volume fraction of the iron particles is 27%.
The MRE sample is prepared with thorough mixing of sili-
cone rubber and carbonyl iron. Silicone oil is added to the
mixture about 10% of weight to reduce the zero-field stiffness
of MRE. The prepared mixture is poured into a mould of size
25 x 25 x 3 mm and degassed in a vacuum chamber. Further,
the sample is cured for 24 h at room temperature, 24 °C with
0.7 T magnetic field to obtain the anisotropic MRE.
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Figure 4. Schematic of combined system (primary mass and MRE ATVA).

- - - Without MRE ATVA
With MRE ATVA
under varying magnetic field (T))
0
0.073
—0.150
0210
—0315
0331

Transmissibility
(=3
(=]

25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100

Magnetic field (T)
0

0.073
—0.150
0.210
—0.315
0.331

Transmissibility

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
(b) Frequency (Hz)

Figure 5. Plot of transmissibility versus frequency: (a) primary mass
and (b) MRE ATVA.

2.2. Fabrication of MRE ATVA

Figure 1 shows the developed MRE ATVA. It consists of two
MRE samples arranged to act in a double shear mode with a
mass of 1.57kg. The MRE samples are fixed between the
absorber mass and the electromagnet as shown in figure 1(a).
The electromagnet consists of a copper wire of wire gauge
AWG18. The number of turns is 2400 with an inductance of
153 mH and a resistance, 10.2 €2. The magnetic field is con-
trolled with an external DC power supply. For electromagnet,

Vs

Figure 6. Schematic of MRE ATVA with control.

the magnetic field of 0.66 T is achieved with the current
of SA.

2.3. Frequency shift of MRE ATVA

To extract the dynamic properties of the MRE ATVA, it is
subjected to steady state excitation from 10 to 80 Hz in step of
1 Hz at constant input acceleration. The peak amplitude of
each frequency is recorded. The field dependent variations in
the transmissibility and damping factor with varying fre-
quencies are plotted as shown in figure 2. It is observed that
the natural frequency of the MRE ATVA increases from 47 to
56 Hz under the magnetic field of 0.315 T. The increase in the
natural frequency as shown in figure 2(a) is attributed to the
field-dependent increase in the stiffness of the MRE under
the influence of the magnetic field. In the presence of a
magnetic field, the carbonyl iron particles align themselves in
the direction of the applied field. This results in the formation
of magnetic dipoles between adjacent carbonyl iron particles
which induces compressive forces on the interlaying matrix,
increasing in the stiffness of MRE [3, 11, 14]. It is also
observed from figure 2(b) that there is no significant variation
in the damping factor with variable magnetic field [29]. The
field dependent properties of MRE ATVA are presented in
table 1.
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3. Transmissibility of combined (primary mass and
MRE ATVA) system

Figure 3 illustrates the schematic of dynamic vibration
absorber is subjected to a steady state excitation
force, f(t) = Fy sin(wt).

The governing differential equations of dynamic vibra-
tion absorber are given as

mpi,(t) + kyx,(t) + cpxp, + k,
X (xp (1) = x4(0)) + ¢ (Xp(1) — Xo(1)) = [ (1) (1)

[(ka — mawz) + Cawj]FO

where, m, k and c are the mass, stiffness and damping coef-
ficient, respectively. x(f) represents the displacement of the
mass at a given time, ¢. The suffixes, p and a correspond to the
primary mass and absorber, respectively [30].

Assuming, the general solutions for equations (1) and (2)
as [31].

x, = X,e! (3)
Xy = X e, 4)

The amplitudes of vibration are given

Xp

[ka + cawjlFo

®)

[(kp - mpwz)(ka - mawz) - makawz] + [kp - (mp + ma)wz)caw]j

(6)

a

T Lty — mya?) (ke — maw?) — makew?] + [ky — (my + moa?)cawlj

majc.a(t) + ku (xa(t) - xp(t))
+ Cp(xa(t) - xp(l)) =0, 2

where, w, the excitation frequency and j is the complex
variable.
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The static displacement of the primary mass is given by

F
Xy = 7” 7

The transmissibility of the primary mass and absorber is
obtained by dividing the equations (5) and (6) from (7), yields.

Xp

KXot

_ Q¢r)* + (2 — %2
NQEPC? = 1+ ) + (2B — (2 = D = P

®)
Xa
X
_ 2 + ¢
N Q@202 = 1+ ) 4 (B = (2 = D = BHP
)

where, the natural frequency of absorber, w, = r’;— , the natural

frequency of the primary mass without absorber, w, = \/z ,
mp
frequency ratio, r = =, ratio of natural frequencies, 3 = ¢,
Wy Wy
mass ratio, p = %, and ( is the damping factor.

The schematipc of experimental set-up of the combined
system is as shown in figure 4. It consists of a primary mass
and MRE ATVA. The primary mass of 9.35kg and MRE
based ATVA is mounted at the centre of the massless beam
with fixed-fixed end conditions. A mass ratio of 0.18 is
maintained between the primary and the absorber mass. An
electromagnetic shaker (Make: Vibration Test System; Type
VTS-80) is used to excite the combined system through a
power amplifier (Make: Techron; Type 5507). Input fre-
quencies are generated through a function generator (Make:
Agilent; Type 33220A). Accelerometers (Make: Kistler; Type
K-shear) are mounted on the primary and the absorber mass to
measure the accelerations signals. The signals are acquired
using a data acquisition module (National Instruments, Type
NI-9234) which is further processed using LabVIEW (Version
-2017). The magnetic field is induced in the electromagnet via
a DC power supply (Make: Ametek; Type XG150-5.6).

Field dependent variations in the peak accelerations are
obtained for the combined system under steady-state sweep from
25 to 100 Hz at constant input acceleration. Figure 5 depicts the
measured transmissibility of primary mass and MRE ATVA. The
natural frequency of primary mass without MRE ATVA is
50 Hz. It is observed that the natural frequency of primary mass
shifts to two new component frequencies with the addition of the
MRE ATVA. Further, the maximum amplitudes of the primary
mass decrease with an increase in the magnetic field.

4. Control strategies

To apply the MRE ATVA in real-time conditions, the con-
trols are essential to regulate the induced magnetic field to the
electromagnet. The following section illustrates the design
and analysis of controls for the MRE ATVA.

Desired
Actual response (Without distrubance)
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[3o3
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Displacement (um)
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[3o3
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5o}
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S o
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Figure 9. Time response of boundary sliding mode control:
(a) position tracking without disturbance and (b) position tracking
with disturbance.

4.1. Boundary layer sliding mode control (BSMC)

Sliding mode control is a robust nonlinear control. It has an
equivalent control term and a sliding mode control term,
which provides stability and robustness to the system with
parameter uncertainties [32].

The dynamic governing equation of primary mass with
the parameter uncertainties, external disturbance, and control
input as shown in figure 6 is given by

mpX, + kpxp, + cpX, + kp(x, — xa)
+ ¢k, — X4) = u + dt, (10)

where, u is the control input, and dr is the time-dependent
disturbance with known upper bond, D, i.e. |dt| < D.

By rearranging the equation (10), we have, the accel-
eration of the primary mass as

Xp=f(x, )+ u+dt, (1D
where, f(x,0)= —m," (kyx, + X, + ka(x, — x;) +
¢a(X, — %,) ). The total control input of the MRE ATVA, u is

expressed as
U= Uy + Uy, (12)

where u,, is the equivalent control and u, is the switching
control
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Figure 10. Time response of boundary sliding mode control:
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The sliding surface s is defined as,

(13)

where error signal, e represents the difference between
desired, x,, and actual displacement, x,, of primary mass, i.e.
e = (x,g — x,) and X is the positive constant. The objective
of the sliding mode control is to ensure the error, ¢ = 0. This
can be guaranteed by forcing the state trajectory towards the
sliding surface [33].

Differentiating equation (13) with respect to time, ¢ and
utilizing the equation (11) and e yields,

s=—Xe — ¢,

§= =X —Xpa +fx, t) +u+ dt (14)
To attain the desired state trajectory without considering
uncertainty and disturbance the equivalent control, u,,
is determined by equating equation (14) to zero. Thus, we
have,

Uey = N + Xpg — f(x, 1) — db. (15)

However, to attain the desired state trajectory with dis-
turbances or uncertainties in the system, the equivalent con-
trol effort, u,, do not confirm better performance and leads to
instability. Therefore, the auxiliary control must be con-
sidered to stabilize system [27]. The total control with
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Figure 11. Time response of (a) position tracking of adaptive fuzzy
sliding mode control with disturbance, (b) force with disturbance and
(c) tracking error with disturbance.

auxiliary control is given by

u:)\é+xpd_f(x’ t)+us» (16)
where, u; = —nsign(s) and 7 is the positive constant.

The zero error for the state trajectory with disturbances or
uncertainties in the system is ensured with the following
condition.

s$ = s u; = s [—nsign(s)] = —nls| < 0. (17
Sliding mode control is a discontinuous control in which
chattering is inherently present and leads to fluctuation in the
control output. The boundary layer method is considered to
reduce the chattering effect. Further, the discontinuous func-
tion changes to smooth saturation function near to a sig-
nificant region of the switching surface. The relation for the
boundary layer is given by [28]

B(t) = {x: |s(x, ] < P}, 18)

where, ® is the boundary layer thickness.
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With the inclusion of the boundary layer, the total control
input as shown in figure 7 can be expressed as,

U= X+ ipg — f(x, 1) — nsat(s/P), (19)
where, the saturation function is given by [33]
tanh(%), for é > 1
sat(%) - (20)
s s
—, or | —| <1
d f )

4.2. Fuzzy logic system

In general, the fuzzy system works on the principle of uni-
versal approximation theorem [34], and any nonlinear func-
tion can be approximated by use of fuzzy systems. A fuzzy
system consists of fuzzy if-then rules and is expressed as

RYD: If x is F{ and x, is F/ then y is B, 1)

where x; and y are input and out variables. F]j and B/ fuzzy
sets. With centre-average defuzzification, product inference
and single value fuzzification, the output of the fuzzy is
written as [25],

; (22)

where p (%) is the membership function of the input vari-
able x; and y' represents a crisp value at which the mem-
bership function 45 for fuzzy output set reaches its maximum
value which is assumed as qu(yi =1).

By introducing the concept of fuzzy basic function & (x),
the output of the fuzzy system is given by [28]

yx) = 07 (), (23)
where, 0 = (y', ..., YO, £x) = (€' (%), ...., & (x) )T and
GG (24)

l n :
ijl Hi:1 :LLF,]('XZ)

The fuzzy membership functions for the equivalent control is
given by

2

xi + /6
D) =exp—| ———|,

o (X2) P( /24 )
2

xi +7m/12
) =exp—| —L——1|,

Fons (Xi) P( /24 )

2
Xi
HZOﬁeXp(ﬂ/lZ]’

2
xi —w/12
;) = exp—| ———— and
s (Xi) p ( w24 )
2
xi — /6
) = exp—| —"—
par (X)) p ( /24 )

and also, the membership functions of switching control is
given by
1
1 + exp(5(s + 3))

,UN(S) =

i, (s) = exp(—s?) and
1
1+ exp(—5(s — 3))
To approximate the equivalent control f (x]0y) and switching

control A (s|6) for MRE ATVA with parameter uncertainties
and variable frequency excitation, the total of 20 fuzzy rules
are considered.

NP(S) =

4.3. Adaptive fuzzy sliding mode control (AFSC)

The developed control in equation (19) does not work if the

upper bound of f(x, t) and dt are unknown, for which the

fuzzy systems are used to approximate f(x,?) and

nsign(s/®) as f(x|0f) and ﬁ(sl@h) as shown in figure 8.
The total control input of the AFSC is given by

U=\ + %pg — f (x10) — h(s|6h), (25)

where
F () = 0760 and h(s16,) = 076 (s).
To define the optimal parameters of the fuzzy system, the
following conditions should satisfy.

[sup If (x10p) — fx, r>|] (26)

9? = arg min
0 XER"

fGQf

0 = arg min [sup | (s16,) — nsign(s/q))l], (27)

€ | rern

where ) and €, are constraint sets for ; and 6, respectively
The minimum approximation error is given by

w =[x 1) = F &) (28)
Considering the equation (14)

§= =N — Xpa +f(x, 1) + u+dt 29)
=f@x, 1) —f(x, 1) — h(s) + dt (30)
=F (05 — F e 1) + f(x, 1)

— F (x16%) + h(s107) 3D
— h(s) — h(s|0F) + dt
=f(x[e*;) - f 0+ h(s107) &)
— h(s) + w — h(s|0F) + dt
=T + @) D () + di + w — h(sl0}),
(33)

where o, = 0 — 67 and ¢, = 6, — 07.
Now consider Lyapunov function candidate of the form

1 1 1
V==s2+ —o¢" o+ —o ¢
20 T o T

where v, and , are positive constants. The time derivative of

(34)
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Figure 13. Simulated responses at 52 Hz: (a) acceleration of primary  Figure 15. Simulated responses at 56 Hz: (a) acceleration of primary
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Table 2. Simulation results of the acceleration of primary mass under different frequencies and controls.

Without .
control With controls
BSMC AFSC

Frequency % of % of
(Hz) X,(m 572) n Xp(m 572) decrease Force (N) Y Xp(m sfz) decrease Force (N)
50 5.67 38 5.33 5.99 2.01 45 55 4.98 12.16 2.10
52 9.61 153 6.89 28.3 3.88 53 170 6.33 34.13 4.46
54 12.84 152 8.70 32.24 4.74 56 175 7.97 37.92 5.38
56 11.49 35 9.18 14.62 3.02 52 60 8.58 25.53 341

1-Gain of the sliding mode control, ,-Adaptive gain of fuzzy equivalent control and +,-Adaptive gain of fuzzy switching control.

50Hz 52Hz 54Hz

Control off Control on

Acceleration of primary mass (m/s’)

10 11 12 13 14 15 16

Time (sec)

—~
o©
~

Excitation frequency
Frequency of MRE ATVA

Transient response

AN
‘l“k 50Hz
\

3

Steady state response

Frequency (Hz)

52Hz 54Hz 56Hz

1 2 4 5 6 7 8 9 10 11 12 13 14 15 16

(b)

Time (sec)

Figure 16. Simulated responses at variable frequency excitation:
(a) acceleration of primary mass and (b) frequency of MRE ATVA.

V is given by

A 1 4.
V=s$+—pio,+ —¢p b (35)
mn 72

= s(PhE0) + @) D) + di + w — h(s107))
[
+—prpr + —0, o
N 72 (36)
1
=sphE@) + 7@?% + 560, 6 (9)
1

1 N
+ —oh @, + s(dt — h(s|0F) + sw (37)
"2

10

Table 3. Simulation results of transmissibility of primary mass under
variable frequency excitation with AFSC.

Without control With control

Transmissibility AFSC

Frequency % of
(Hz) Transmissibility decrease
50 11.26 9.75 1341
52 19.08 12.37 35.16
54 25.49 16.18 36.49
56 22.82 17.29 24.23

; 1 .

V S sppf@) + 9 + 59, 0(9)

+ ) @y + sdi — s(D + npsign(s)) + sw. (38)
2

Finally, the time derivative of Lyapunov function candidate,
we have

V< %@;% sE() + ¢p

+ 590, (250(8) + @) + sw — Ish, (39)
where ¢, = —9f =y sEX), @, = —0, = —Y,5¢(s) are the
adaptive laws.

Simplification of equation (39) yields

V<sw—|s|n<0. 40)

With fuzzy approximation, the minimum approximation
error, w can be achieved with the adaptive fuzzy system.
Equation (40) implies that V is negative semidefinite and all
the signals of the control are bounded. The error signal, e(¢) is
bounded for all values of time ¢. To prove asymptotic stability
of the tracking error, i.e. e(t) — 0 and the sliding surface,

s(t) — 0 as time, t— oo. Defining [s| < 1,, [35]
equation (40) can be written as
V < Isllwl = Isl n < malwl = Is] 7. 41)

Integrating equation (40) on both sides, we have

[(istar<=avol+wvon + 2 [Melar. @
0 7 n Jo
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Figure 17. Schematic of setup of real-time controller.

NI cRI0O-9022
Real Time Controller Accelerometer

Figure 18. Photograph of experimental setup of real-time controller.

5. Simulation analysis
The sliding surface is thus, s € L;. From the equation (40) it is

known that derivative of sliding surface, §(z) bounded and  The simulation analysis has been carried out to investigate the
s(t) is uniformly continuous. From the corollary of Barba-  performance of proposed controllers. The developed controls
lat’s lemma [36] we have, s(f) — 0 and e(t) — 0 ast — oo. are simulated in MATLAB Simulink.

11
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Table 4. The experimental result of the acceleration of primary mass under different frequencies and controls.

With controls

Without
BSMC AFSC
control
Frequency % of Control % of Control
(Hz) Xp(m ) n X,(m ) decrease voltage (V) " Y, Xp(m ) decrease voltage (V)
52 9.35 150 7.53 19.40 8.43 55 170 7.35 21.31 10.5
54 12.77 156 8.70 31.81 13.58 52 179 8.36 34.51 16.29
56 11.22 40 7.09 36.82 18.48 56 65 6.73 40.04 21.70
1-Gain of the sliding mode control,y;-Adaptive gain of fuzzy equivalent control and ~,-Adaptive gain of fuzzy switching control.
—— BSMC —— BSMC
AFSC —— AFSC
15 20
Control off Control on 15 Control off Control on
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b o w

—
=)
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Figure 19. Measured responses at 52 Hz: (a) acceleration of primary
mass and (b) control voltage.

5.1. Position tracking of MRE ATVA

For the simulation, the parameters considered in this study for
the primary system are: mass m, = 9.35 kg, stiffness, k, =
922808.011 N m~2, damping coefficient, ¢, = 37.64 N s m~2,
and for MRE ATVA the parameters are: mass, m, = 1.57 kg,
stiffness, k, = 136 9162 Nm 2 damping coefficient, c,
109.41 N's m~2. Performance of both controls is verified
without and with disturbance conditions. The control para-
meters of BSMC are A = 1200, ® = 0.3 and » = 50 and for
the AFSC the parameters are ~, = 1590 and 7, = 1580.

12
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(b) Time (sec)

Figure 20. Measured responses at 54 Hz: (a) acceleration of primary
mass and (b) control voltage.

Figure 9 depicts the time response of BSMC without and with
disturbance. The control tracks the desired signal precisely as
shown in figure 9(a) without disturbance. However, as the
disturbance introduced in the system, the performance of the
BSMC deteriorates, which is observed from the time response
as shown in figure 9(b) with a noticeable difference between
the desired signal and the actual response of the system.
Figures 10(a) and (b) shows the response of control force and
tracking error of MRE ATVA without and with disturbance.
As the disturbance is induced in the system, the input control
force decreases where as the error between the desired signal
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Figure 21. Measured responses at 56 Hz frequency: (a) acceleration
of primary mass and (b) control voltage.

and the actual response increases. Figure 11 depicts the per-
formance of AFSC with the external disturbance induced in
MRE ATVA. The actual signal tracks the desired signal with
minimal error is as shown in figure 11(a). This highlights the
adaptive nature of the AFSC. Figure 11(b) and (c) show the
response of control force and tracking error of BSMC and
AFSC, respectively, for the MRE ATVA with disturbance.

5.2. Simulation of single frequency excitation

The simulation of both BSMC and AFSC for MRE ATVA with
primary mass has been carried out for single frequency excitation
from 50 to 56 Hz in steps of 2 Hz as shown in figures 12-15.
Figure 12 depicts the simulated time response of primary mass
for frequency excitation at 50 Hz. The time response of primary
mass for both the controls are as shown in figure 12(a). For the
first 5s, the system is excited at a constant frequency of 50 Hz
keeping both the controls in OFF condition. Under this condition,
the computed acceleration of the primary mass, 5.67 ms 2. For
next 5 s, the combined system is excited with the controls in ON
condition and the computed accelerations of primary mass for
BSMC and AFSC controls are 5.33ms™” and 4.98ms >,
respectively. The percentage reduction of amplitudes of accel-
eration for BSMC and AFSC in comparison with control in OFF
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Figure 22. Measured responses under variable frequency excitation:
(a) acceleration of primary mass, (b) control voltage and (c) FFT.

Table 5. Experimental results of transmissibility of primary mass
under variable frequency excitation with AFSC.

With control

Without control AFSC
Frequency % of
(Hz) Transmissibility — Transmissibility decrease
52 18.56 14.98 19.25
54 25.21 17.03 32.43
56 24.23 14.99 38.14

condition are 5.99 and 12.16, respectively. Figure 12(b) shows
the input control force of MRE ATVA. The amplitudes of
BSMC and AFSC computed as 2.01 N and 2.10 N, respectively.
In case of ON condition of the control, the response of the control
input is divided into two parts, the transient response, and steady
state response. However, the transient response for both controls
is less than 0.5 s whereas, the steady state error for both the
controls differs significantly with disturbances in MRE ATVA.
This confirms that the AFSC is more effective in reducing the
amplitude of acceleration of primary mass compared to BSMC.
Similar behaviour is observed for all the remaining excitation
frequencies considered in the present study as in figures 13-15
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and the results are summarized in table 2. It is also observed that
the percentage reduction of acceleration amplitude of the primary
mass is higher at 50 and 56 Hz and lower at 52 and 54 Hz.

5.3. Simulation of variable frequency excitation

It is observed from the equation (19) that the BSMC works
only for a single frequency excitation. With the instantaneous
change in the excitation frequency, the developed control needs
to tune to the natural frequency of MRE ATVA. This incap-
ability of the conventional BSMC is resolved by incorporating
the fuzzy systems to the existing control which forms
the AFSC as referred in equation (25). Figure 16 depicts the
simulated time response of AFSC. Figure 16(a) shows the
acceleration response of the primary mass with variable fre-
quency excitation. The combined system is excited from 50 to
56 Hz with an increment of 2 Hz. Each of the frequencies is
excited for 4 s with a time period of control OFF condition for
2 s and remaining 2 s for ON condition. Figure 16(b) depicts
the tracking of the natural frequencies of the ATVA with the
excitation frequencies. The tuning of the ATVA frequencies
with the variable frequency excitation takes place with the
minimum transient response of less than 0.5 s. As the excitation
frequency increases, both the overshoot and the time of tran-
sient response decreases significantly. The simulated trans-
missibility of the primary mass under variable frequency
excitation, with and without control is summarized in table 3.

6. Experimental setup for real-time controller

The developed BSMC and AFSC are implemented on
Compact RIO Real-time controller (Make National Instru-
ments; Type cRIO-9022). The input module (NI-9234) and
output module (NI-9264) are mounted on real-time controller.
The acceleration signals are acquired using an input module
which is further processed using LabVIEW (Version-2017)
on a real-time platform. The voltage output module is used to
control the magnetic field induced in the electromagnet via a
DC power supply (AMETEK, XG150-5.6, Programmable
power supply). Figures 17 and 18 illustrates schematic and
photograph of real-time controller setup.

7. Experimental analysis

7.1. Experiment of single frequency excitation

The experimental response of primary mass for all the fre-
quencies are as shown in figures 19-21. Figure 20(a) presents
the measured acceleration of the primary mass at a frequency of
54 Hz. The excitation of the system is carried out for 4 s, and the
acceleration of the primary mass is recorded. In the absence of
control, the measured amplitude of acceleration of primary mass,
12.77 m s~ 2. With the implementation of the developed controls,
the acceleration amplitudes of the primary mass for BSMC and
AFSC reduces to 8.70m s~ and 8.76 m s>, respectively, with
an overall percentage reduction of 31.81% and 34.57%,
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respectively. Figure 20(b) shows the control voltage of the
electromagnet. The plot shows a measured input control voltage
of 13.58 and 16.29V for the BSMC and AFSC, respectively.
Transient response for both the controls is observed as 0.5s,
after it attains the steady state response. The results obtained by
simulation for both controls follow a similar trend as that of the
experimental results and demonstrates that the AFSC is more
efficient in reduction of acceleration amplitude of primary mass.
Similar performance is observed for all frequencies considered
in the present investigation as presented in table 4.

7.2. Experiment of variable frequency excitation

Figure 22(a) presents the acceleration of primary mass for a
variable frequency excitation from 52 to 56 Hz with an increment
of 2 Hz. For the excitation period of 5s with an excitation fre-
quency of 52 Hz, the natural frequency of ATVA under OFF
condition of the control is set for 47 Hz. With the control ON
condition the natural frequency shifts to 52 Hz. Similarly, the
combined system is excited for the frequencies of 54 Hz and
56 Hz with excitation time 4 and 2 s, respectively. The control is
ON condition at excitation time of 7.2 and 10.2 s. This influences
the shift of the natural frequencies of the MRE ATVA to 54 and
56 Hz. This confirms the effectiveness of AFSC to track the
natural frequencies of MRE ATVA with excitation frequencies.

Figure 22(b) depicts the input control voltage to all exci-
tation frequencies. The natural frequencies of the MRE ATVA
are depend on the input control voltage of electromagnet.
Figure 22(c) shows the FFT of all excitation frequencies with
AFSC in OFF and ON conditions. The measured transmissi-
bility of the primary mass under variable frequency excitation,
with and without control is summarized in table 5.

8. Conclusions

In the present study, the performance of model-free AFSC for
the MRE ATVA was investigated theoretically and experi-
mentally. Experiment trials were carried out to extract the
dynamic properties of MRE ATVA. The natural frequency of
MRE ATVA shifts from 47 to 56 Hz under the magnetic field,
0.315T. Sliding mode, and model-free AFSCs have been
developed. The Lyapunov theorem evaluates the asymptotical
stability of the developed adaptive control based on fuzzy
systems. The performance was compared for both the controls
subjected to single frequency excitation. Further, the AFSC
was investigated for variable frequency excitation. The
maximum reduction of transmissibility of primary mass was
38.14%. The model-free AFSC is found to be more effective
in tuning the natural frequency of MRE ATVA in less than
0.5s with parameter uncertainties and under variable fre-
quency excitation as compared to the BSMC.
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