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ABSTRACT This study proposes an active vibration control method with a simple design process without
using a plant model. The proposed method is robust against the actuator’s parameter uncertainty. To realize
model-free control of the controlled object, a virtual structure represented by a single-degree-of-freedom
system is inserted between the controlled object and the actuator. A controller, which compensates for the
uncertainties of the actuator’s parameters, is designed using the sliding mode control theory. By designing a
controller using a model composed of the virtual structure and the actuator, model-free design can be easily
performed with few design variables. After the virtual structure is introduced, the controller can be designed
using the same process as a traditional model-based control theory. An advantage of the sliding mode control
system is it can provide high robustness against the uncertainty in the actuator’s parameters. The robustness
to the actuator’s uncertainty and vibration suppression performance of the proposed method are verified by
controlling a two-degree-of-freedom time-varying system. Finally, the applicability of the proposed method
to an actual mechanical system is confirmed by vibration control experiments.

INDEX TERMS Model-free control, active vibration control, virtual structure, sliding mode control,

proof-mass actuator, actuator uncertainty, robust control, time-varying system.

I. INTRODUCTION

Vibration control technologies have become increasingly
important to improve performance, downsize, and reduce
the weight of mechanical systems in recent years. Active
vibration control, which can obtain high vibration suppres-
sion performance, is widely studied [1], [2]. Many theo-
ries and control techniques have been applied to complex
vibration problems, including classical control theory such as
PID control, modern control theory such as linear quadratic
regulators, as well as adaptive control and model predictive
control [3], [4].

Mathematical modeling of a controlled object is usu-
ally necessary to design a controller for active vibration
control. Hence, the individual controlled objects must be
modeled, which is a burdensome and costly process. More-
over, the damping performance and stability of a controller
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designed based on a mathematical model of the controlled
object largely depends on the model’s accuracy. Therefore,
model-based vibration control is fragile to model changes
and modeling errors, which always exist in actual mechanical
systems.

Many studies have investigated active vibration control
systems that do not require mathematical models of con-
trolled objects [5]-[8]. For example, one study proposed
constructing a vibration control system based on the physical
insight of the dynamics for semi-active suspension [9].

The  model-free  vibration control  approaches
achieved by using online calculation technique were
proposed [10]-[15]. In addition, one research group applied
a feedback controller based on simultaneous perturbation
stochastic approximation for noise reduction of periodic
disturbances in a duct [16]. Nevertheless, vibration control
using real-time optimization has a large computational load.
Consequently, such approaches are not suitable for practical
implementation.
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Model-free control based on a data-driven control method
has been widely studied [17], [18]. This approach constructs
the controller using input and output data of the plant. For
example, a data-driven control approach using a Taylor series
and the differential mean value theorem for a discrete-time
nonlinear system has been proposed [19]. However, the data-
driven control method has numerous tuning parameters and
imposes a heavy calculation burden.

One effective way to realize a model-free control system is
to introduce neural networks (NNs) [20]-[26]. Vibration con-
trol for a flexible cantilever using a neurocontroller trained
by emulator neural networks was proposed for a structure
system [27]. However, the controller design procedure using
NN requires enormous training data to learn vibration con-
trol, which places a heavy burden on the designer.

Fuzzy control provides if-then—type control rules obtained
by fuzzy sets, which express ambiguous information about
the plant such as empirical knowledge. Because this approach
does not require accurate mathematical models of plants,
model-free controller design can be established [28]-[31].
For example, vibration control of a building structure using
a PI/PID controller combined with a fuzzy controller to com-
pensate for the nonlinear restoring force was proposed [32].
Fuzzy controller design lacks systematic approaches to set
control rules and membership functions. Because it largely
depends on designer’s experiences and insight, the burden on
the designer is huge.

Collectively, these previous studies provide few simple
and practical model-free vibration control methods with a
small burden on designers. The authors proposed a vibration
controller design procedure using only an actuator model
and virtual structure model defined as a single-degree-of-
freedom (SDOF) system to achieve this goal [33], [34].
However, an actuator has parameter uncertainty due to indi-
vidual differences in production and deterioration with age
due to long-term use. This uncertainty heavily affects the
stability and control performance. In model-free vibration
control using a virtual structure, traditional matured model-
based control theory can be applied directly after the virtual
structure is introduced. Therefore, using Hy, control the-
ory as a typical linear robust control theory, the actuator’s
parameter uncertainty compensation in model-free vibra-
tion control using a virtual structure was proposed [35].
Depending on the amount and type of uncertainty to be
compensated, the controller designed by H, control theory
becomes too conservative to obtain a sufficient damping
performance.

Sliding mode control (SMC) is a control method to sta-
bilize the system by binding the state of the system to a
sliding surface, which is a set of the system’s desired dynam-
ics. As noteworthy advantage of SMC, when the state of
the system is on the sliding surface, the system becomes
invariant to the disturbances and uncertainties which satis-
fies the matching condition [36]. Nevertheless, the uncer-
tainties and disturbances existing in many practical systems
do not match the matching condition, making it difficult
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to utilize the advantages of SMC [37], [38]. On the other
hand, the actuator’s parameter uncertainty in the model-free
vibration control system using the virtual structure proposed
in this study satisfies the matching condition. Therefore,
employing SMC to compensate for the actuator’s parameter
uncertainty in a model-free vibration control system using
the virtual structure is very effective. Incidentally, in addi-
tion to conventional SMC, various approaches to compen-
sate for such parametric uncertainties were proposed. For
example, asymptotic tracking control of hydraulic actuation
system using adaptive recursive robust integral of sign of the
error (RISE) control was conducted [39] and extended state
observer (ESO) based adaptive controller was constructed for
electrohydraulic servomechanism [40]. These are innovative
methods that can be applied to highly nonlinear systems and
systems that are difficult to be handled in a conventionally
robust control framework. However, they are model-based
control methods that design the controller using the models
or parameters of the controlled object. On the other hand,
this study differs from the previous studies and proposes a
model-free SMC designed without using any mathematical
models of controlled objects.

This study constructs a model-free vibration control
method with a simple controller design procedure and high
robustness to the actuator’s parameter uncertainty. The pro-
posed method accomplishes the model-free design procedure
using the virtual structure and compensates the actuator’s
parameter uncertainty using SMC. Specifically, the model-
free control system is constructed by inserting virtual struc-
ture between the actual controlled object and actuator, and
setting appropriate parameters considering the frequency
transfer characteristics. Then the actuator’s parameter uncer-
tainty is modeled using the constructed control system.
The uncertainty matches the matching condition of SMC.
Based on SMC theory and the Lyapunov function method,
a model-free controller with robustness against the actu-
ator’s uncertainty is designed without using any parame-
ters of the controlled object. From the above, a controller
that does not use any parameters of the actual controlled
object and that compensates for the uncertainty of the
actuator is designed. By designing the controller using a
system composed of the actuator and the SDOF virtual
structure, model-free controller design is established with
a few design variables. In addition, after introducing the
virtual structure, the controller can be designed using the
exact same process as traditional model-based controller
design. Moreover, actuator’s uncertainty is considered and
sufficient vibration suppression performance can be obtained
by using SMC system’s matching condition. The effective-
ness of the proposed method is verified by both simula-
tions and experiments. First, the robustness to the actuator’s
parameter uncertainty is confirmed by conducting a vibra-
tion control simulation to a two-degree-of-freedom (2DOF)
system with time-varying mass. The effectiveness of the pro-
posed method to an actual mechanical system is subsequently
confirmed via a vibration control experiment to both ends
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supported plate and cantilever plate as a typical continuous
structure. In addition, by the vibration control experiments,
the proposed model-free SMC was compared with a conven-
tional model-based SMC. As a result, the advantage (i.e. the
robustness against a changing of a controlled object) of the
model-free controller design approach based on the idea of
virtual structure was confirmed.

Compared to the existing SMC [36] and our pre-
vious study [35], the contributions and technical nov-
elties of the proposed control system are indicated as
follows.

1) The proposed sliding mode controller becomes a
model-free controller, which can be designed without
using any models of controlled objects and any those
parameters at all. Specifically, the idea of introducing
a virtual structure into the actuator is the technical con-
tribution that enables the model-free SMC. In the pro-
posed approach, the clear design condition determines
the virtual structure model, and then SMC is designed
for the low-order state equation including it instead of
an actual plant model. Furthermore, compared to the
traditional model-free design methods such as NNs and
fuzzy inference, the proposed approach realizes a sim-
pler implementation of the vibration controller without
the complicated processes.

2) The compensation for actuator’s parameter uncertainty
can be achieved simultaneously with the model-free
controller design indicated in contribution 1. Although
the proposed method uses no models of actual con-
trolled objects to design the control system, the actuator
model is required. In our previous work [35], the actu-
ator uncertainty was addressed by the Hy, controller.
On the other hand, the contribution of this paper is the
application of SMC to the issue. A noteworthy point
of the model-free control system using virtual structure
is that the actuator parameter’s uncertainty satisfies the
matching condition when applying SMC. Therefore,
the damping performance can be improved by eliminat-
ing conservativeness of Hy, control. Note that the appli-
cation of SMC to compensate for actuator uncertainty
is based on the model-free controller design via virtual
structure.

In other words, the technical novelty of contributions 1.
and 2. is the combination of our proposed model-free design
via virtual structure and the existing SMC. Therefore, the pro-
posed approach is fundamentally different from the exist-
ing model-based SMC and the traditional model-free design
methods. In addition, because the actuator uncertainty is
addressed by SMC, this paper advances our previous work
employing Hy, control from the viewpoint of enhance-
ment of robustness. Compared to the traditional model-free
approaches such as NNs and fuzzy inference, the proposed
method, which derives a controller simply by using the virtual
structure instead of actual plant models, does not require
the complicated design processes with a lot of time and
preparations.
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Il. SYSTEM FOR DESIGNING A MODEL-FREE
CONTROLLER
A. DERIVING THE STATE EQUATION FOR MODEL-FREE
CONTROL
Fig. 1 shows the actuator employed in this study. It is a
proof-mass electromagnetic actuator that can be modeled as
a SDOF system due to its mechanical characteristics [34].
Here, model-free active vibration control is established
by inserting a virtual structure defined as a SDOF system
between the actuator and the controlled object [33]-[35].
Fig. 2(a) shows the actual mechanical system model. The
parameters m, k and c indicate the mass, stiffness, and damp-
ing of the model, respectively. Subscripts 0 and 1 denote
the actuator model and the controlled object, respectively.
The structure of the controlled object is arbitrary. The
aim is to suppress the vibration of the actual controlled
object x; using the control input u generated by the
actuator.

I Controlled
———I———‘ object

object

FIGURE 2. Models for control system design: (a) Actual system;
(b) System with a virtual structure.

Fig. 2(b) shows the model in which a virtual structure is
inserted between the actuator and the actual controlled object
for model-free controller design. Subscript v represents the
virtual structure. The basic concept to realize model-free con-
trol is to regard the virtual structure as a controlled object and
to indirectly suppress the vibration of the actual controlled
object x; by quashing the vibration of the virtual structure x,,.
The controller can be obtained easily by applying traditional
model-based control theory directly to a 2DOF system com-
posed of the actuator and the virtual structure.
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The equations of motion with respect to mg and m, in
Fig. 2(b) can be written as

moXo + co (Xo — Xy) + ko (xo — x,) = u (D
myXy, + ¢y (X, — X1) + ky (X, — x1)
+ co (Xy — Xo) + ko (xy — x0) = —u (2)

The transfer characteristic Ty,,; from x| to x, is obtained
as (3) by Laplace transform when c,, is set to 0 in (1) and (2).
Here, s is the Laplace operator, and the Laplace transformed
functions are written in capital letters.

X, (s)
X1(s)

xvxl =

(mos2 + cos + ko) ky,

N {mvs2 + cos + (ko + k,,)} (m()s2 + cos + ko)
— (cos + ko)?

The parameters of the virtual structure are adjusted as
design variables. In (3), the transfer characteristic Ty, con-
verges to 1 by setting the virtual structure’s parameters to
k, — oo and m, = 0. In other words, the vibration of the
virtual structure becomes the same as that of the actual con-
trolled object. Consequently, indirect vibration suppression of
the controlled object is achieved by suppressing the vibration
of the virtual structure. On the other hand, k, must be a finite
positive value and m, cannot be O since the controller is
derived by a numerical calculation. Therefore, the aim is to
establish the transfer characteristic approximately as

Ty ~ 1 (4)

Equation (4) is satisfied when k, is set to a sufficiently large
positive finite value, and m, is a sufficiently small positive
finite value. Table 1 shows the values of the actuator and
virtual structure employed in this study.

TABLE 1. Parameters for control system design.

Properties Value Unit
my 0.2013 kg
ko 3518 N/m
Co 1.186 Ns/m
m, 1.0 x 1073 kg
k, 7.0 x 10° N/m
c, 0.0 Ns/m

In (1) and (2), to derive a state equation for designing the
model-free controller, disturbance w is defined as

w = ¢,X1 + kyxi (5)
This leads to the 2DOF state equation shown in (6)—(8).

Xva = AvaXyva + Bya1w + Bygou (6)

Xya = [xv X0 Xy ).CO]T 7
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0 0 1 0
0 0 0 1
A ko + ky ko co+ ¢y (&)
WS T T om
k()v ]%}O COV CYO
mo mo mo mo
1 T
Bya1 = [0 0 - 0]
v
1 1
Bi=[0 0 —— —] 3
my, mo

Equation (6) does not contain any parameters of the actual
controlled object. Consequently, model-free vibration con-
trol can be achieved by designing the controller to the (6),
which regards the virtual structure as the controlled object.
Consequently, the designed controller can suppress the actual
controlled object’s vibration indirectly by satisfying (4).

In feedback control applied to the above system, vibration
control is achieved by feeding the vibration of the virtual
structure back as an observed output. However, the actual sys-
tem does not contain a virtual structure. Therefore, in actual
feedback control, the observed output is the vibration of the
actual controlled object x;, which is almost the same as x,
by (4).

B. DESIGN OF THE VIRTUAL STRUCTURE

Equation (4) is established in a limited frequency band since
the parameters of the virtual structure are not allowed to be
settled as k, — oo and m,, = 0. Therefore, in the controlled
frequency band, the virtual structure must be designed to
satisfy (4). In this study, the virtual structure is designed by
design condition (9) proposed in a previous study [34]. The
lower and upper limited frequencies of the controlled fre-
quency band are written as {”" and Q5" (Q5"" > Q""" >

ko/myg), respectively.
(onm)z 1 cont\2 1 (Qiomf 1 cont\2
{(T_m_o kot (@) o\ ke e ™)

k=12 9

Fig. 3 shows the Bode diagram of the transfer characteristic
Taxt (5). Inf € (fi = 20.6Hz, f» = 7.03 x 10°Hz) , which
includes the controlled band, the gain can be regarded as 1 and
the phase can be regarded as 0°. Consequently, (4) is satisfied.

Ill. SLIDING MODE CONTROLLER DESIGN

A. MODELING OF THE ACTUATOR'S PARAMETER
UNCERTAINTY

A model-free vibration control system can be constructed
when (6) includes the actuator’s parameter uncertainty. This
study considers the uncertainties of the actuator’s stiffness
and damping. The actuator’s parameters with uncertainty are
expressed as (10) [35].

kOm = kOn + Akkm
com = con + Acce,

-1 <Ar <1
-1 <A, <1 (10)

VOLUME 9, 2021



A. Yonezawa et al.: Novel Sliding Mode Vibration Controller With Simple Model-Free Design and Compensation

IEEE Access

10! 10° 10° 10* 10°
Frequency [Hz]

FIGURE 3. Transfer property from x; to xy.

Here, k,, and cq,, are the actual values of k¢ and ¢, which
include uncertainties with values shown in Table 1. kg, and
con are the nominal values of kg and cp, and they are the
same as those in Table 1. Ay and A, are normalized fluc-
tuations. k., and c., which are the maximum amounts of
errors to be compensated, are defined when the controller is
designed. Consequently, due to (10), the actual stiffness kg,
and damping co,, of the actuator are expressed as uncertain
values given by the nominal values kg, and cp,, with maximum
fluctuations +k, and £c,. Equations (11)—(13) are derived by
substituting ko, and co,, into ko and cg of (6)—(8) and setting
¢y as 0. In (11), AAx,, represents the effect of the actuator’s
uncertainty.

the dimension of B»; is equal to that of u in (16).

Xva = AvpXva + Biou (14)
. . 9T
Yo =[x x X Xo] (15)
B 0 0 1 0
0 0 0 1
A — kon + ky ko Con Con
T
1% 4% 1%
Kon _koncon_con
L mo mo mo mo
0
) 0
B 1
By = le] =|-— (16)
L P22 my
1
my
o = Sxyq4 (17)

Equations (18)—(20) show the system where the coordinate
transformed system of (14)—(16) is given by the coordinate
transformation matrix 7.

21 |
2
z1 |
22 |
Aqp
A |

Aq
Ay

A || a 0
Azz} [zz} + |:322

_ |Au
Agj

]u (18)

—1
= Ty, T=[’ _32}322} (19)

0

= TA,, T~!

(20)

For (14)—(16), the quadratic performance index is settled
as (21)—(23) [36]. Here, W is a positive-definite symmetric
weighting matrix. In addition, 7, is the time when the sliding
motion commences.

o0
J = / xVTanmdt
Iy

Xva = (Avn + DAYy + Byiw + Byou (11)
. . 1T
Xva = [xv X0 Xy XO] (12)
B 0 0 1 0
0 0 0 1
A — kon + ky ko Con Con
el el
v v v
Kon _kon o _con
L mo mo mo mgo
r 0 0 0 0
0 0 0 0
A = | — Arke Arke _ Acce Acce
m m m m
Aike Arke  Accy Acce
L mg mo mo mo
1 T
Bval = [0 0 - O]
ny,
1 17
Byay = [0 0 - — ] (13)
m, mg

B. SLIDING SURFACE DESIGN

Sliding surface o = 0 is designed to the system and switching
function o represented as (14)—(17) so that the fluctuation
of the state of the system x,, is minimized on the sliding
surface [36]. Equations (14)—(16) represent (11)—(13) without
the disturbance w and actuator’s uncertainty AAx,,. Here,
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_ / Oz +v 0andi 21

v =2+ 05 0]a (22)
Onn Ou| _ .1
|:Q21 sz] =T
0% = 0n
O = 01 — 0120010 (23)

Equation (24) is obtained by substituting (22) into the first
line of (18).

21 = Az +Any

Ayl = A —AROn ok (24

For (21) and (24), v is calculated as (25) to minimize the
performance index J . Here, P is a unique positive-definite
symmetric solution of the algebraic Riccati equation (26).

v=—0yn'Al)Pz (25)
PAj +A]|P — PARQ, AP+ 011 =0 (26)
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For (22) and (25), the switching function ¢ is designed
as (27). In addition, the sliding surface employed in this study
is o= 0 of (27).

0 =8y = [ATZP + Q1T2 O» ] Txya (27)
C. ACTUATOR’S UNCERTAINTY OF THE MODEL-FREE
CONTROL SYSTEM AND MATCHING CONDITION
A unique characteristics of SMC is that the system is invariant
with respect to disturbances and uncertainties that satisfy
the matching condition when the system is on a sliding
surface [36]-[38]. Here, the matching condition of SMC is
that f (disturbances and uncertainties of the system) can be
represented as (28) by input matrix B.

f=Bh (28)

In (11)—(13), actuator uncertainty AAx,, can be repre-
sented as (29). In other words, the actuator uncertainty AAx,,
satisfies the matching condition.

0

my
= BypAx (29)

Therefore, when (11)—(13) is on the sliding surface, the sys-
tem is invariant with respect to the actuator’s uncertainty.
Hence, high robustness to the uncertainty is expected.

D. CONTROL INPUT DESIGN AND REACHING LAW

The control input is defined as (30) to (11)—(13) [37]. Here,
u; is the linear input and u,,; is the nonlinear switching input.
Additionally, k is an appropriate gain and « is an appro-
priate parameter for chattering reduction, which satisfies
0<a<1[41].

U= u+up
= — (SBy2) ' SAyuxya — k lo| ™ sgn (o) (30)

In (11)-(13), the condition for o to converge to O by the
control input (30) (i.e. the existence condition of sliding
mode) is derived. Herein the Lyapunov function technique is
employed [36], [42], [43]. The Lyapunov candidate function
of the dynamics of o is defined as (31). Note that o is a scalar.

V= %02 >0 (31)
V=0"6<0 forVo#0 (32)
Equation (33) is the first-order differentiation of (31).
V =076 =07 Sk,

_ T - O
=0"'S{AAxy, + B,yw — kB, |o| ﬁ (33)
o
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Condition (34) must be established for (33) to satisfy (32).
sgn(0) (SAAx,q +SBaw) <k k' =kl|o| *SB,, (34)

For (4), when the parameters of the virtual structure are
properly defined along with Section 2.B, w can be written
as

w=kyx; & Vx,,:kv[l 0 0 O]xva (35)
Equation (34) can be evaluated as (36) using (35).

sgn (o) (SAAxy, + SBy1w)

1 1 ky
= IS 2<m—%+m—%> {k3+C§}+m—v llxval

(36)
Consequently, for (11)—(13), the control input and the condi-

tion for o to converge to 0 are derived as (37) and (38). Here,
k” is an appropriate constant gain satisfying condition (38).

U =— (SBVZ)_I SAvnXva
— K" (SBy2) "' o | xvall sgn (o) 37
1 1 k
S 2l =+ 5 | K22+ 2 ¢ <k
N <m3+m%){e+ce}+mv <
O<a<l1 (38)

A significant problem that sometimes occurs in SMC
systems is chattering due to a discontinuous switching
input [36], [44]. To prevent chattering, the signum function
sgn (o) is smoothed by an approximation using the hyper-
bolic tangent [45]-[48]. Consequently, (39) shows the control
input used in the simulations and experiments. Here, § is a
small positive parameter for smoothing.

u = u + up
= - (SBV2)_1 SAynXya
" —1 o g
— K" (B2~ o |” Il Tanh (T)  (39)

Fig. 4 shows the block diagram of the proposed control
scheme.

For the numerical calculations in the controller design, this
study employs Control System Toolbox and Robust Control
Toolbox of MATLAB. Table 2 shows the parameters for
designing the sliding surface and control input. Specifically,
they were determined by actually conducting simulations and
experiments and confirming the results demonstrated later.
Some trial-and-error adjustments were also necessary. These
parameters are used in both the simulations and experiments
below.

IV. SIMULATION STUDY

A. CONFIGURATION OF THE SIMULATION

A simulation study was conducted to verify the vibration
suppression performance and robustness to the actuator’s
parameter uncertainty of the proposed method. From our pre-
vious study [35] applying Hs, control to compensate for the
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Vibration of the
actual controlled object
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Disturbance

Actual controlled
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! State :
: observer |1
1
: J + Uy Linear input :
J— -
: + —(8By2) " 1S Aunxsa 1
1 Xva :
1
1] Uy Nonlinear input :
1 o
—k"(SBy) " a|¥||xye || Tanh (f) g 1
i (SBy2) ™" |01 lbxya I Tanh 5 !

Model-free SMC
(Designed using virtual structure)

™

| I Controlled

..___|____| object

FIGURE 4. The block diagram of the proposed control scheme.

TABLE 2. Parameters used for designing the sliding mode controller.

Properties Value
w diag{1072° 10720 1072° 1073}
k" 1.0 x 10!
é 5.0 x 1075
a 1.2 %1072

actuator uncertainty, the following problem has been already
revealed. Hence, one of the goals of this paper is to solve the
following problem.

« Depending on the amount of the actuator uncertainty,
the Hy, controller becomes too conservative, resulting
in insufficient damping performances.

The principal purpose of the simulation studies is to confirm
that the application of SMC can solve the above problem
compared to our previous paper employing Hs, control. That
is, the simulation study was conducted to demonstrate that
the proposed model-free SMC improves the damping per-
formance and robustness with respect to the actuator uncer-
tainty, compared to a conservative H, controller. Especially,
the actuator uncertainty satisfies the matching condition in
the model-free SMC designed based on the virtual structure.
It means that we can utilize the specific advantage of SMC
which cannot be obtained by a Hy, controller in contrast.
Fig. 5 shows the controlled object as a 2DOF system, which is
a time-varying system where both masses m; and my
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Actuator

FIGURE 5. Simulation setup.

TABLE 3. Parameters for the 2DOF time-varying controlled object.

Properties Value Unit
my,m, 3.6 £ 0.72 (time-varying) kg
ki, k, 1.0 x 106 N/m

1,6y 1.9 x 10! Ns/m

fluctuate sinusoidally in the range of +20%. Table 3 shows
the model parameters. The goal of the simulation was to sup-
press the vibration of point mass m when point mass m, was
excited by a white noise disturbance. Upon changing the actu-
ator’s stiffness and damping, the vibration suppression perfor-
mance and robustness to the actuator’s parameter uncertainty
were evaluated by the vibration control simulation using the
sliding mode controller designed by the proposed method
(SM Controller). The proposed method was compared with
the H, controller designed for the system (6)—(8) considering
the actuator’s uncertainty (Hinf Controller), which is pro-
posed in the previous study [35]. In this study, the actuator’s
parameter uncertainty range to be considered was £50%.

In this simulation study, the vibration suppression perfor-
mance was evaluated by the performance index L shown
in (40) [11], [12], [14].

1

Li=7 > OkD? i=1.2,--  (40)

5 k=(i—n+1

Here, L; indicates the performance index in the i-th eval-
uation interval. y[k] represents the observed output at the
k-th sampling point from the start of the simulation and
is the acceleration of the point mass mj. n represents the
number of evaluation points in each evaluation interval. f; is
the sampling frequency. Consequently, performance index L
represents the mean-square value in each evaluation interval.
In this study, n and f; were set as 1000 points and 20 kHz,
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respectively. All simulations used the same mean and vari-
ance values for the white noise disturbance.
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FIGURE 6. Simulation results (ErK : 0% ErC : 0%): (a) Acceleration;
(b) Performance index; (c) Mass variations of m; and m,.

B. VIBRATION CONTROL SIMULATION RESULTS AND
DISCUSSION

Figs. 6 and 7 show the results for an average of
50 simulations. The black, blue, and red lines depict the time
history response without control, the result from the Hinf
controller, and the result from the SM controller, respectively.
The symbols ErK and ErC indicate that the actual values
during the simulation have errors of ErK [%] and ErC [%],
respectively, for normal actuator stiffness and damping shown
in Table 1. Figs 6(c) and 7(c) show the time histories of the
variations of the masses m and m;.

Both the Hinf controller and SM controller provided suf-
ficient vibration performance because the actuator did not
have errors (Fig. 6). However, the SM controller realized a
sufficient damping performance, whereas that for the Hinf
controller significantly deteriorated around 30 s even though
neither controller was destabilized (Fig. 7). This difference
was attributed to the matching uncertainty (uncertainty of
the actuator), which is unique to the sliding mode controller
designed in Chapter 3. Consequently, the proposed method
achieved a performance superior to previous studies using
H control theory [35] in terms of robustness to the actuator’s
parameter uncertainty. In addition, the simulations demon-
strated the applicability of the proposed method to time-
varying systems.
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FIGURE 7. Simulation results (ErK : 50% ErC : —50%): (a) Acceleration;
(b) Performance index; (c) Mass variations of m; and m,.

V. EXPERIMENTAL VERIFICATIONS

A. CONFIGURATION OF THE EXPERIMENTAL SYSTEM

The vibration control experiment was conducted for demon-
strating the applicability of the proposed method to actual
mechanical systems. Fig. 8 shows the experimental system.
Figs. 8(a) and (b) show the controlled objects employed in the
experimental verifications. (a) is a both ends supported plate,
and (b) is a cantilever plate. The controlled object in Fig. 8(a)
(hereafter named as ‘““Controlled object 1”") was composed of
aluminum with a size of 548 x 100 x 10 mm. The controlled
objectin Fig. 8(b) (hereafter named as ““Controlled object2”’)
was with a size of 190 x 248 x 10 mm and made of the same
material as Controlled object 1. A load cell was mounted
at position A to measure the disturbance force applied by
the shaker. The control input was applied by the actuator
mounted at position B. The observed output was measured
by an accelerometer attached to C on the back side of the
plate at the same location as the actuator. Figs. 8(c) and 8(d)
show a closed-loop system and the actual experimental sys-
tem, respectively. The observed output was acquired by the
accelerometer and inputted to the digital signal processor
(DSP). The control input command value calculated by the
DSP passed through an analog low-pass filter (Order: 4, Type:
Butterworth) to prevent spillover, and then was amplified by
the current amplifier to drive the actuator. As a disturbance,
a 1-1000 Hz linear sweep sinusoidal signal was delivered
from the signal generator. The spectrum analyzer calculated
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FIGURE 8. Experimental system: (a) Overview of the controlled object
(Controlled object 1); (b) Overview of the controlled object (Controlled
object 2); (c) System diagram; (d) Experimental setup.

the frequency response from the disturbance (load cell) to
the observed output (acceleration obtained from the sensor).
That is, the vibration suppression performance was evaluated
based on the acceleration of the controlled object. The control
bandwidth in this study was set between 50 and 1000 Hz.
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In design of the model-free SMC, the same values of the
parameters as those in Table 2 were consistently used in all of
the experimental verifications demonstrated later. The error
range of the actuator’s parameters to be compensated was set
as £50%.

B. VIBRATION CONTROL EXPERIMENT TO CONFIRM THE
ROBUSTNESS TO THE ACTUATOR'’S UNCERTAINTY

The purpose of the experiments in this section is to verify
that the proposed model-free SMC can achieve sufficient
damping performances even though the actuator’s parameters
uncertainties are induced. The controlled objects are shown
in Fig. 8(a) and (b).

It was difficult to prepare multiple actuators with vary-
ing parameters for experiments. Therefore, in this study,
the parameters of the actuator model shown in Table 1, which
are defined as nominal in the controller design stage, are
varied. By designing a controller with this actuator model,
situations where parameter errors occur for the unique actu-
ator used in the experiment can be created equivalently. The
error range of the actuator’s parameters to be compensated
was +50%. Based on the method presented in Chapter 3,
sliding mode controllers were designed using various param-
eters of the actuator, and vibration control experiments are
conducted on Controlled objects 1 and 2. Table 2 shows the
tuning parameters used to design the sliding mode controller.

Figs. 9-12 show the representative results of the vibration
control experiments, which are the frequency responses of the
acceleration from the disturbance to the observed output. The
black and red lines indicate the frequency response without
control and the closed-loop frequency response with control,
respectively. ErK and ErC represent that the stiffness and
damping of the actuator parameters employed in the experi-
ment had errors of ErK [%] and ErC [%], respectively, with
respect to the stiffness and damping of the actuator used for
controller design. Tables 4 and 5 shows the main damping
results for various errors of the actuator parameters.

TABLE 4. Results of the vibration control experiments with Controlled
object 1.

Parameters of Actuator Reduction amount[dB]

Value
ErK[%] ErC[%] 226Hz peak
0 0 —-15.1
50 50 —15.0
-50 50 —14.6
50 —-50 —-14.9
-50 -50 —14.7

C. MODEL-FREE SMC VS. MODEL-BASED SMC

SMC proposed in this study becomes a model-free controller
which is designed based on the idea of virtual structure.
Because this design method does not depend on the spe-
cific models of actual controlled object, the controller has
robustness against a complete change of a controlled object.
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TABLE 5. Results of the vibration control experiments with Controlled
object 2.

Parameters of Actuator Reduction amount[dB]

Value
ErK[%] ErC[%] 117Hz peak 273Hz peak
0 0 —-9.5 -9.4
50 50 —10.0 —-6.7
-50 50 —8.3 -7.3
50 —-50 —-9.8 —6.6
-50 —-50 —-9.7 —6.5
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FIGURE 9. Frequency response obtained in the experiments with
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FIGURE 11. Frequency response obtained in the experiments with
Controlled object 2 (ErK : 50% ErC : 50%).

To verify this advantage, comparative experiments were per-
formed. From the purpose of the experiments, a conventional
SMC [36], which is designed using a model of a controlled
object, was chosen to compare. The controlled object model
shown in Fig. 13 was used to design the conventional SMC.
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FIGURE 12. Frequency response obtained in the experiments with
Controlled object 2 (ErK : —50% ErC : 50%).
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Actuator
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FIGURE 13. Model used for the MBSMC design and the vibration control
simulations for MBSMC and MFSMC.

Fig. 13 describes the vibration system composed of the actu-
ator and the SDOF controlled object. As model parameters,
mylkg], k1[N/m], and c{[Ns/m] were set as 1.2, 1.0x 10°,
and 10.95, respectively [35].

Consequently, vibration control experiments were con-
ducted for both the model-free SMC (“MFSMC”’) designed
via the proposed approach without using any models of
controlled objects and the model-based SMC (“MBSMC”*)
designed using the controlled object model shown in Fig. 13.
The concrete procedures of the comparative experiments are
indicated as follows.

1. MBSMC, which should be compared with the proposed
MFSMC, is designed using the model of SDOF controlled
object shown in Fig. 13 [36]. On the other hand, MFSMC
can be obtained from the proposed model-free design
described in Chapters 2 and 3.

2. For the controlled object model shown in Fig. 13, which
was used to design MBSMC, vibration control simulation
is performed. In this simulation, MBSMC is tuned so that
the performance of MBSMC becomes the same as that of
MFSMC. For proper comparison in steps 3 and 4 later,
the initial performances of MBSMC and MFSMC should
be equal.
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3. Next, the comparative experiments are conducted. For
both MFSMC and MBSMC, the controllers, which are
exactly same, including the values of the tuning param-
eters, as those used for the simulations in step 2, are
applied to the controlled object shown in Fig. 8(b),
respectively. In other words, for each of MFSMC and
MBSMC, the control experiment is performed for “Con-
trolled object 2”° (cantilever plate) using exactly the same
controller as one applied to SDOF controlled object shown
in Fig. 13 in step 2.

4. Then, the damping performance of MFSMC is compared
with that of MBSMC.

The reason why MBSMC was designed for the SDOF con-
trolled object shown Fig. 13 is because making the perfor-
mance of MBSMC the same as MFSMC in step 2 is easy.

Note that all of the experiments in Section 5.C. used the
same model-free sliding mode controller, which was obtained
using the parameters presented in Table 2. This verification
methodology is aimed at confirming that the model-free
controller, which does not depend on models of controlled
objects, has robustness against various different structures.
Consequently, for the controller via the proposed design
method and the controller via the conventional model-based
sliding mode control theory [36], their damping performances
are experimentally compared when a controlled object com-
pletely changes.

Figs. 14 and 15 show the comparative verification results.
Fig. 14 is the result where the vibration control simu-
lation was performed for both MFSMC and MBSMC in
step 2 and their damping performances are almost equal.
Fig. 15 demonstrates the experimental results for Controlled
object 2 (i.e. cantilever plate) in step 3. In Figs. 14 and 15,
the blue and red lines indicate the control results by MBSMC
and MFSMC, respectively. The black line represents the
open-loop responses without control.
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FIGURE 14. Frequency response obtained in the simulations for MBSMC
and MFSMC. MBSMC achieved almost the same performance as that
of MFSMC.

D. DISCUSSION

In Section 5.B., despite the uncertainty in the actuator’s
parameters, a sufficient damping effect was achieved for
the major vibration modes in the control frequency band
(Figs. 9—12, Tables 4 and 5). Hence, the controller achieved
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FIGURE 15. Frequency response obtained in the experiments with
Controlled object 2 (cantilever plate): (a) result by MBSMC; (b) result
by MFSMC.

a damping effect without instability despite errors of £50%
in the stiffness and damping of the actuator because the
parameter error of the actuator satisfied the matching con-
dition described in Section 3.C. This is one of the advantages
obtained by the application of SMC to the model-free design
based on virtual structure. That is, it is noteworthy contri-
bution that the robustness to the actuator uncertainty can
be ensured with the model-free controller design simultane-
ously. Consequently, the model-free sliding mode controller
designed using the proposed method has a high damping
effect on actual mechanical structures.

Below, we discuss the comparative verification results
in Section 5.C.

As demonstrated in Fig. 14, the damping performance of
MBSMC becomes the same as that of MFSMC. That is, in the
control simulations for the controlled object shown in Fig. 13,
the performances of MBSMC and MFSMC are almost equal.
Consequently, Fig. 14 confirmed that both MFSMC and
MBSMC achieved the proper vibration suppression for the
structure shown in Fig. 13.

On the other hand, in the vibration control experiments
for the Controlled object 2 (i.e. cantilever plate), which is
completely different from the model used to design MBSMC,
MFSMC achieves the sufficient damping effects as shown
in Fig. 15(b) even though the closed-loop system with
MBSMC is destabilized as shown in Fig. 15(a). In Fig. 15(b),
MFSMC provides the high damping effects for the major
peaks in 1-400 Hz.

This is because the proposed controller (MFSMC) is
designed without detailed mathematical models of the actual
structures and is less susceptible to structure changes. In other
words, the proposed design approach using virtual structure
has an advantage that it does not depend on the specific
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structures of controlled objects. On the other hand, as shown
in Fig. 15(a), since MBSMC is a model-based controller,
it is difficult to control a controlled object that is completely
different from the model used to design the controller. Con-
sequently, the comparative experimental results demonstrated
that the model-free SMC designed using the proposed method
can realize high vibration suppression performance even
when the controlled object is changed while SMC designed
with the conventional model-based control approach cannot
deal with it.

Throughout this study, structures with significantly dif-
ferent characteristics were controlled in both the vibration
control simulations and experiments, demonstrating effective
vibration suppression for all structures. The model-free con-
troller used in all of the simulations and experiments has the
same design parameters listed in Table 2. This fact confirmed
that it possessed a high damping effect on structures with
various characteristics.

VI. CONCLUSION

The purpose of this study was to construct a model-free active
vibration control technique considering actuator’s parameter
uncertainty using an actuator model including a virtual struc-
ture and sliding mode control theory. The proposed method
indirectly suppresses vibration without a model of the actual
controlled object by inserting a virtual structure defined as a
SDOF system between the actuator model and the controlled
object. The actuator’s parameter uncertainty was modelled
quantitatively so as to achieve the robustness to the actua-
tor’s uncertainty. It was proved that the actuator’s parameter
uncertainty in the model-free vibration control system using
the virtual structure satisfies the matching condition of sliding
mode control theory. A sliding surface which minimizes the
fluctuations of the state on the sliding surface was designed
for the system composed of the actuator and virtual struc-
ture. Using the Lyapunov function for the dynamics of the
switching function, the control input and the condition for the
existence of the sliding mode are derived. The effectiveness
of the proposed technique was confirmed by both simula-
tions to the time-varying system and experiments to the both
ends supported plate and the cantilever plate. As a result,
high robustness with the actuator’s parameter uncertainty,
which satisfies the matching condition, which originates from
the nature of sliding mode control, was confirmed. In addi-
tion, the applicability to time-varying systems and sufficient
damping effect to the actual mechanical system of the pro-
posed method were revealed. In addition, the conventional
model-based SMC and the model-free SMC designed using
the proposed method were compared in the vibration control
experiment. The results confirmed the advantage (i.e. the
robustness against the changing of the controlled object) of
the model-free controller proposed in this study.

In the future, vibration control experiments to time-varying
systems will be conducted and its applicability will be veri-
fied. Moreover, the proposed vibration control scheme will be
improved so that the bound information of the uncertainties
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is not needed. This issue may be solved by introducing an
adaptive scheme.
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