. HOKKAIDO UNIVERSITY

Efficient parameter tuning to enhance practicability of a model-free vibration controller

e based on a virtual controlled object
Author (s) Yonezawa, Ansei; Yonezawa, Heisei; Kajiwara, Itsuro
Citation Mechanical_systems and s!gnal processing, 200, 110526
https://doi.org/10.1016/j. ymssp. 2023. 110526
Issue Date 2023-10-01
Doc URL https://hdl. handle.net/2115/95540
Rights © <2023>. This manuscript version is made available under the CC-BY-NC-ND 4.0 Llicense

http://creativecommons. org/licenses/by-nc-nd/4.0/

Rights(URL)

https://creativecommons. org/licenses/by-nc-nd/4.0/

Type

journal article

File Information

Manuscript MSSP Accepted version. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




This article is the accepted version of A. Yonezawa, H. Yonezawa, I. Kajiwara, “Efficient parameter tuning to
enhance practicability of a model-free vibration controller based on a virtual controlled object, ” Mechanical
Systems and Signal Processing, 200 (2023) 110526. (https://doi.org/10.1016/j.ymssp.2023.110526)

Efficient parameter tuning to enhance practicability of a
model-free vibration controller based on a virtual
controlled object

Ansei Yonezawa, Heisei Yonezawa, Itsuro Kajiwara*

Division of Mechanical and Aerospace Engineering, Hokkaido University
N13, W8, Kita-ku, Sapporo 060-8628, Japan

* Corresponding author

E-mail: ikajiwara@eng.hokudai.ac.jp

Abstract

In active vibration control, controller tuning is necessary to obtain a sufficient damping
performance. This study presents an efficient tuning technique for model-free vibration
controller based on a virtual controlled object (VCO). A model-free vibration control system
is constructed by using an actuator model and the VCO. A reference controlled object (RCO),
which is a designer-defined single-degree-of-freedom (SDOF) structure, is used to tune the
VCO-controller offline. A novel parameter tuning technique based on the RCO and the
simultaneous perturbation stochastic approximation (SPSA) is proposed considering the
difference in scale of the tuning parameters. The proposed tuning scheme automatically
determines the tuning parameter of the controller without manual trial-and-errors such as
experiments with actual plants and is much faster than previous methods. Therefore, the
proposed method significantly enhances the practicability of the VCO-based model-free
vibration suppression, bridging the gap between the basic study of the VCO-method and its
implementation. The effectiveness of the proposed method is verified by applying it to the
VCO-based H, controller.
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1. Introduction

1.1. Motivation

Vibration reduction technology is indispensable for improving performance and safety of
mechanical systems. Various vibration suppression strategies have been examined for
challenging vibration problems: bio-inspired nonlinear dynamics [1-4], origami-based
vibration isolator [5,6], and mode-switching scheme [7-9], to name a few. Among them, active
vibration control is widely developed because of its good vibration reduction performance
[10,11]. For example, disturbance rejection methods have been proposed for a magnetic-head
positioning system in hard disk drives [12-14]; sliding mode control has been applied for a
building structure [15] and a milling system [16]; active vibration control for planetary gearbox
have been proposed [17]. In general, controllers are designed using concrete mathematical
models of controlled objects (e.g., [18,19]). However, modeling of controlled object is
burdensome and costly. Control system construction without modeling actual controlled
objects in detail, model-free control, can reduce the development cost and burden.

1.2. Related work: Model-free control

Many researchers have attempted to construct various control systems without using concrete
models of actual controlled objects [20,21]. For example, the tube-based model-reference
adaptive vibration control has been examined for active car suspension system [22]. Controller
design via artificial intelligence (e.g., neural networks) is a powerful method to derive model-
free controllers [23-25]. In particular, the radial basis function neural network (RBFNN) has
been employed in a Nussbaum gain adaptive control to identify unknown plant nonlinearities
[26]; parametric variations and unmodeled dynamics in multiple launch rocket system has been
estimated via the RBFNN [27]. However, this technique typically requires a huge amount of
training data, increasing the associated development costs. The fuzzy control approach is an
effective method to construct model-free control systems [28-30]. Nevertheless, fuzzy control
often relies on the experience and intuition of the designers because there are no systematic
approaches to determine control rules. Data-driven controller design is a typical model-free
control approach [31,32]. However, data-driven control methods are fragile to changes in
characteristics of controlled objects. Active disturbance rejection control (ADRC) [33] is also
a good control method which does not need exact plant models. The key idea of ADRC is
innovative: unknown dynamics of a plant and external disturbances are lumped into a “total
disturbance,” estimated by an extended state observer (ESO) and canceled out. Many studies
have examined to implement ADRC into various mechanical systems [34—36]. The formulation
of the lumped disturbance, however, is not always straightforward depending on systems,
complicating the design process of ADRC. Table 1 lists typical ways to develop a control
system without detailed modeling of an actual controlled object, indicating that the existing
model-free control approaches have several difficulties which deteriorate the practicability.

By contrast, model-free active vibration control based on a virtual controlled object (VCO)
has a simpler controller design process and is easier to implement than existing model-free
control approaches [37,38]. In this approach, only the VCO, which is a single-degree-of-
freedom (SDOF) structure, and the actuator model are required to design a vibration controller.



The appropriate VCO to realize model-free control can be easily designed based on the
quantitative design condition discussed in the previous study, and the controller can be
systematically designed by directly using familiar model-based control theories (e.g., the linear
quadratic regulator (LQR) theory) after the introduction of the VCO [37]. It should be noted
that the VCO-based model-free controller has some tuning parameters that can be adjusted
[39-41]. Therefore, a simple, quantitative, and practical parameter tuning strategy is needed to
enhance the practicability of the VCO-based model-free vibration control.

Table 1.  Typical model-free control strategies.
Strategy Example Advantage Disadvantage

Neural | Vibration control for flexible cantilever | Applicable to Necessity of
network | via neurocontroller [23]. wide range of huge amount of

o . . plant and training data
Approximation of nonlinear, uncertain, dynamics
and unknown dynamics [24-27]. '
Fuzzy | Fuzzy Luenberger observer for a two- Easy to reflect Lack of
logic mass drive system [28]. experience and systematic
I . intuition of approach to
Vibration control of uncertain structures pproac
: . plants. design inference
with actuator saturation [29]. rules
Fuzzy sliding mode vibration control
for flexible structure [30].

Data- | Fictitious reference iterative tuning Systematic Fragile to
driven | (FRIT) [31]. controller design | changes in
control . . rocedure. characteristics of

Virtual reference feedback tuning P plants
(VRFT) [32].
ADRC | Structural vibration control for Good control Complicated
piezoelectric beam [35] performance. design process
S . depending on a
Robust active vibration suppression for plrfnt g
two-inertia system [34] '

1.3. Related work: Controller tuning via optimization approach

Several groups have examined controller tuning based on optimization methods: genetic
algorithm [42,43], particle swarm algorithm [44], gravitational search algorithm [45], and grey
wolf optimizer [46-48]. Metaheuristic optimization tools are developed for a Gaussian
adaptive PID controller [49]. Among them, the simultaneous perturbation stochastic
approximation (SPSA) [50] is frequently used to tune a controller [51,52]. The most
representative virtue of SPSA is its high calculation efficiency in the sense that SPSA requires
very small number of loss function evaluations even for high-dimensional problems.

Inspired by these studies, a parameter tuning scheme for the VCO-based model-free
controller has been proposed [53]. In this scheme, the damping performance of the controller



is evaluated via vibration control simulations with a reference controlled object (RCO) instead
of real plant models and then the VCO-controller is iteratively tuned by SPSA. Therefore, this
tuning scheme does not require burdensome manual controller parameter adjustments (e.g.,
trial-and-error tuning through vibration control experiments with real plants). However, this
tuning scheme does not adequately take the characteristic of SPSA into account (e.g., in SPSA,
the scales of the design variables should be similar to each other [54]) and is not efficient
enough to use on-site. Consequently, faster and more efficient tuning scheme is needed to
bridge the gap between the basic study of the VCO-based vibration control and its practical
implementation.

1.4. Contribution and novelty of this study

In this study, we propose a novel parameter tuning scheme for the VCO-based model-free
controller. The proposed method is more practical in the sense that it is much faster than the
previous one [53]. The model-free vibration control system is constructed by inserting the
SDOF VCO between the actuator model, which can be modeled as an SDOF system, and the
actual controlled object. The model-free controller is designed with a two-degree-of-freedom
(2DOF) system composed of the actuator and the VCO. The loss function and the SDOF RCO
are defined to evaluate the damping performance of the VCO-based model-free controller to
tune its parameters. Notably, the RCO is not an actual controlled object but a designer-defined
structure. The controller parameters to be tuned are expressed using a novel parameter scaling
rule to overcome their scale difference. Vibration control simulations are conducted with the
RCO, and the scaled tuning parameters of the VCO-controller are iteratively determined to
minimize the loss function by SPSA. The advantage of the proposed tuning method is that the
tuning speed is much faster than that of the previous method for the VCO-controller [53],
enhancing the practicability of the VCO-based vibration control. We compare the tuning speed
of the proposed technique with that of the previous technique by applying them to the VCO-
based model-free H, controller tuning problem. Finally, the damping performance of the VCO-
based H, controller tuned by the proposed method is examined by experiments.

The contribution of this study includes:

1) The novel controller tuning method for the VCO-based model-free vibration control is
proposed. This method can tune the VCO-controller much faster and easier than the
previous tuning methods, enhancing the practical usability of the VCO-based model-free
vibration control. (Note that controller tuning is a central task to implement a control
system in practice.) Moreover, unlike the traditional tuning methods for model-based
controllers, the proposed method uses the SDOF RCO instead of the actual plant model,
reducing the development cost. This advantage originates from the strong robustness of
the VCO-based controller to changes in actual controlled objects.

2) The VCO-based model-free H, controller is automatically tuned without manual trial-and-
errors for the first time. In previous studies, VCO-based model-free controllers were
mainly tuned by manual trial-and-errors. The tuning of the VCO-based model-free H,
controller is a typical application example showing the wide applicability of the proposed
tuning scheme.

The VCO-based model-free vibration control can be employed for various vibration
problems because this method does not depend on the specific properties of controlled objects



[53]. Accordingly, the proposed tuning method simplifies the implementation process of the
VVCO-method and provides a simple and practical solutions to various vibration problems in
mechanical systems including industrial applications.

2. VCO-based model-free vibration control

This study uses an electromagnetic proof-mass actuator. This actuator can be modeled as an
SDOF system because of its mechanical properties [37].

VVCO-based model-free vibration control is achieved by inserting the SDOF VVCO between
the actuator and an actual controlled object [37]. Figure 1(a) shows the actual mechanical
system. my, kq, and c, represent the mass, stiffness, and damping of the actuator, respectively.
Xo and x; are the displacement of the point mass of the actuator and that of the location on the
actual controlled object where its vibrations should be attenuated, respectively. Hereafter, this
location is called as the damping point. VCO-based model-free vibration control is
implemented by directly attaching an actuator and a sensor to the damping point. The aim of
this active vibration control system is to attenuate the vibration x; of the damping point by the
control input force u generated by the actuator. Notably, the concrete characteristics and
structures of the actual controlled object are not considered.

Figure 1(b) shows the system for the model-free controller design, where the VCO is
introduced between the actuator and the actual controlled object. m,,, k,,, and c,, represent the
mass, stiffness, and damping of the VCO, respectively, and x,, is the displacement of the point
mass of the VCO. The key idea of the VCO-based model-free vibration control strategy is that
the VCO is regarded as the controlled object and x is indirectly damped by damping x,, [37].
The controller is designed using the 2DOF system composed of only the actuator and the VCO.

j\xo j\xO
Actuator Actuator
| |Used for
: Ay | x, controller design
1 .
: 1 Actual
S ==~ Controlled 1VCO
ObJeCt B (W = Cvxl + kxl)
Not used for
™ |controller design
(a) (b)

Fig. 1. Vibration control system: (a) actual mechanical system, and (b) system for model-
free controller design. An SDOF VCO is inserted between the actuator and the actual
controlled object.

m,, and k,, are designed to establish model-free control. Specifically, they are determined



so that x,, = x4 is realized in the controlled frequency band. A quantitative design condition
for m,, and k,, to realize x,, = x; in the controlled frequency band is derived in [37]. Notably,
as shown in [37], m,, and k,, to achieve x,, = x; can be specified independently of detailed
mathematical models of actual controlled objects. Only the controlled frequency band is
required as the information about the actual controlled object to determine them. Table 2 lists
the parameter values of the actuator and the VCO used in this study [37]. The controlled
frequency band is 50-1000 Hz.

Using the equations of motion of the actuator and the VCO shown in Fig. 1(b), the state
equation to design the VCO-based model-free controller is derived as [37]:

Xmp = [X5 X0 Xy Xo]" (2)
0 0 1 0 1 (3)
0 0 0 1
ko + k, ko Co+ ¢y Co
Ams = m, m, m, m,
ko ko Co Co
my, my, my mg
Bui=[0 0 = o] @
mfl — m,
1 11" ®)
B =10 0 —— —
mf2 [ m, m

In Eq. (1), xpf is the state variable of the 2DOF system composed of the velocity and
displacement of the point masses of the actuator and the VCO. The force c,x; + k,x;, which
is caused by the vibration of the actual controlled object, is regarded as the disturbance w acting
on the 2DOF system composed of the actuator and the VCO so that any parameters and
variables of the actual controlled object are not included in the state equation for model-free
controller design [37].

Equation (1) contains no parameters or models of the actual controlled object. Therefore,
model-free vibration suppression is achieved by designing the controller using Eq. (1). The
controller based on Eq. (1) indirectly suppresses the vibration of the actual controlled object
because x, = x, is realized. The VCO-based model-free controller is easily obtained by
applying familiar model-based control theories to Eq. (1).

Here, the VCO-based model-free vibration control has different idea from ADRC in the
control action. In particular, the VCO-method only focuses on stabilizing the VCO under
disturbance as traditional model-based feedback controller and does not require an explicit
value of the total disturbance, whereas ADRC explicitly estimates it through the ESO and
cancels it out directly. One important advantage of the VCO-based control method over ADRC
is its simplicity: the controller design of the VCO-method is easier than that of ADRC. In
ADRC design, a key point is how to identify the effects of the unknown dynamics and external
disturbances and define them as the total disturbance, requiring deep insight into the plant
characteristics. In addition, the order of ADRC is determined according to the relative degree
of the plant [33,55]. Obtaining the relative degree of the plant is not always straightforward
[33], and the relative degree of the plant significantly affects the design complexity [33]. In



contrasts, the VCO-method can directly utilize familiar model-based control theories after the
introduction of the VCO. The VCO itself can be easily designed according to the design
condition proposed in the previous study [37]; this design condition requires only an actuator
model and upper and lower bounds of the controlled frequency band, and such information can
be obtained easily. Hence, designing the VCO-controller is easy and straightforward.

The VCO-based model-free vibration control is established by feeding the vibration
response of the VCO back as the measured output. In the actual feedback control, the vibration
of the actual controlled object x;, which is almost equal to x,, is used for the measured output
instead of x,, because the VCO does not exist in the actual mechanical system. The value of x;
is measured by a sensor when continuous structures are the actual controlled object [37].
Consequently, both actuator and the sensor for obtaining measured outputs are assumed to be
attached at the damping point.

One of the unique characteristics of the VCO-based model-free control is that the VCO-
controller has strong robustness to various changes in actual objects [53]. It should be noted
that the VCO-controller does not depend on the detailed mathematical models of actual plants
although some rough plant information, namely, the controlled frequency band, is used.
Specifically, the VCO-controller works relying on only the measured vibration response of the
actual controlled object. That is, the VCO-controller suppresses vibrations based on its
amplitude regardless of the detailed vibration characteristics such as mode shapes. This
independence from the detailed characteristics of the specific controlled object implies that the
VCO-based controller can accept various controlled objects as far as vibrations to be
suppressed occur within the controlled frequency band. The detailed dynamics of the actual
plant do not critically affect the control action of the VCO-controller. Accordingly, the VCO-
based model-free controller exhibits strong robustness to various changes in actual objects.

Table 2.  Parameters for model-free control system design.

Properties Value Unit
my 0.2013 kg
ko 3518 N/m
Co 1.186 Ns/m
m, 1.0 x 1075 kg
k., 7.0 x 105 N/m
Cy 0.0 Ns/m

3. Efficient controller tuning for VCO-based model-free vibration control

A novel efficient controller tuning based on the RCO and SPSA is proposed for the VCO-based
model-free control. In this method, the controller parameters to be tuned are transformed into
parameters suitable to optimize by SPSA. Hereafter, the controller parameter to be determined



is referred to as a tuning parameter, and the transformed parameter to be updated directly by
SPSA during the tuning scheme is referred to as a design variable. Consequently, the
parameters of the VCO-controller (i.e., the tuning parameters) are indirectly optimized through
the transformed parameters (i.e., the design variables) via SPSA.

3.1. RCO and loss function

This section describes the RCO and the loss function, which are used for the novel tuning
scheme for the VCO-based model-free controller proposed in this study. The VCO-controller
is robust against characteristic changes and structural changes in actual controlled objects [53].
Focusing on the strong robustness of the VCO-based model-free controller, an automatic
controller parameter tuning has been proposed [53]. This procedure determines the appropriate
controller parameter through offline vibration control simulations with the RCO instead of the
actual controlled objects. Figure 2 describes the RCO, which is a designer-defined SDOF
structure. m,., k,., and c,- are the mass, stiffness, and damping of the RCO, respectively. The
design policy of the RCO has been discussed in a previous study [53]. Especially, the RCO
must be designed so that it has the natural frequency in the controlled frequency band of the
VCO-controller where x,, = x; holds. That is, the RCO and the actual controlled object share
the frequency band where the vibrations to be attenuated by the VCO-controller occur. Notably,
the VCO-based controller tuned for the RCO can suppress the vibration of various controlled
objects other than the RCO in the controlled frequency band because of the key condition x,, =
x, and the robustness of the VCO-controller [53]. In this study, m, = 1.2 kg, k,, = 1.0 x 10°
N/m, and ¢, = 1.095 x 10* Ns/m [53].

j\xO
Actuator

Fig. 2. The RCO.

Note that the parameter tuning based on the RCO does not require detailed mathematical
modeling of the actual controlled object. That is, the RCO-based controller parameter tuning
can be regarded as a model-free; hence, it is simple and easy to implement. Accordingly, this
study employs the RCO.

The damping performance for the RCO provided by the VCO-based model-free controller
is evaluated via the loss function. The VCO-controller is tuned to minimize the loss function
value in the proposed method. Let L(8) > 0 be the loss function to be minimized and 6 € RP
be the design variable. Index k represents the kth iteration. Equation (6) is the loss function
used in this study [53]:
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where y, ,, is the vibration response (measured output) at the nth sampling point, w, ,, indicates
the control input at the nth sampling point, N represents the number of sampling points in each
simulation, and W, and W, are weights on y; , and u ,, respectively. In this study, W, = 1
and W,, = 30. W, and W, can be adjusted according to the required performance [53]. The
proposed tuning method can avoid excessive high-gain controllers due to the second term of
the right-hand side of Eq. (6). If the controller has high-gain and generates too much control
input, this term becomes very large, resulting in a very large loss function value.

3.2. Loss function minimization via SPSA

The proposed method tunes the VCO-controller to minimize L(6) via SPSA. Let J(6) be the
measurement of L(6). That is, J(8;) = Ji represents the measured value of L(6,) obtained
from the result of the damping simulation with a closed-loop system composed of the RCO and
the VCO-controller based on 6. The 8 update rule by SPSA to minimize the loss function
L(6) [50]is

0 —J(6,_ _ 7
Brvs = 6, — ak]( k+)2€k]( K )Agc 1) (7)
Ok+ = O £ Ay (8)
A= [Bra1 Drz - Drp]” 9)
- — _ _11T
ATV=[D)™ Br2)™ - (Bep)™] (10)

where A, € RP is arandom perturbation vector satisfying certain conditions (e.g., Bernoulli +1
distribution with a probability of 0.5 for each +1) [50], and Ay ; is the ith element of A.
Equation (11) shows a,; and c used in this study where a, 4, ¢, a, and y are positive constants.

ap=a(A+ k)% c,=ck™ (12)

One of the most distinctive features of SPSA is its high calculation efficiency. In general,
obtaining measurements of a loss function is a burdensome task in optimization [56]. However,
SPSA requires only two measurements of the loss function per iteration, irrespective of p.
Therefore, this study uses SPSA as a basic optimization strategy.

3.3. Novel scaling technique for controller tuning

To ensure efficient optimization by SPSA, the scales of the parameters to be optimized should
be similar to each other [54]. Nevertheless, the tuning parameters of the VCO-based controller
often have large scale differences [53]. Here, the tuning parameter at the kth iteration is denoted
as Qr = [Qk1 Qkz2 + Qkj - Qkp]T €RP. The previous study (which did not
consider the scale issue) expressed Qy ; as Q ; = |0k,j|Q0,j, where Qo ; is the initial value of



Qx,j [53].
On the other hand, in this study, we propose the novel expression of Q by 6, as

Qr = Qx(6;) = [10%1 10%2 ... 10%»]" (12)

Although this transformation is simple, it can effectively reduce the scale differences. For
example, suppose that the desired value of Qy, say Qx, is Qx = [13.8072 0.0019]. If the
expression in the previous study is employed, then |6y 1 |/|6%z|, the magnitude ratio between
01 and 6y, ,, becomes about 7267, where @y ; = Qo> = 1 [53]. By contrast, if Eq. (12) is used,
|6k.1]/|64.2| is about 0.4190. Consequently, Eq. (12) can reduce the scale difference in the

design variable. This reduced scale difference leads to a design variable that is more suitable
to be tuned by SPSA, resulting in improved efficiency of the tuning procedure.

3.4. Tuning algorithm for the VCO-based model-free controller

Figure 3 shows flowchart of the proposed controller tuning scheme for the VCO-based control
system. Cy0p € N is the upper bound of the number of iterations. The proposed method shown
in Fig. 3 can be conducted iteratively using a computer. Note that neither the actual controlled
object models nor the actual mechanical plant itself is required for this procedure. It is because
vibration control simulations with the RCO instead of actual object model are used to evaluate
the control performance and SPSA only needs the loss function values, which are obtained
through simulations with the RCO. The SPSA algorithm automatically searches the controller
parameter. Moreover, this tuning algorithm is much faster than the previous algorithm [53] due
to the novel parameter transformation shown in Eq. (12). Therefore, the proposed controller
tuning procedure significantly improves the practicability of the VCO-base model-free
vibration control.

| Define RCO, set initial condition 6, |
{

| Give perturbations to 8,, (Calculate 6;..) I'i
{

Qx (6y4) are calculated by Eq. (12)
Design VCO-controllers using Q;, (6x.+)
]

Vibration control simulations using RCO and
VVCO-controllers designed by Q (6x+)
]
Calculate J (6y+) by the simulation results
Calculate 6,4 by Eq. (7)

No

Fig. 3. Flowchart of the proposed controller tuning scheme.



4. Validation of the proposed method via tuning of VCO-based model-free H, controller
4.1. Model-free H, controller based on VCO

A VCO-based model-free H, controller is designed using the 2DOF system shown in Eg. (1).
Figure 4 shows the generalized plant for controller design at the kth iteration. The formulations
of the 2DOF plant and the controlled variables in Fig. 4 are

mf - y = Cmfxmf + Dmflw + Dmfzu

I {xl = AIXI + Bly (14)
) Ul = CIxI + Dly

z=[2n Zu]" =[(Qr1)* vl (Qk)**ul” (15)

Equation (13) is the state equation of the 2DOF system composed of the actuator and the VCO
shown in Eqg. (1). y is the acceleration of the VCO. Equation (14) is the realization of the
approximate integrator (s + 1.0 x 10~7)~1 where s is the Laplace variable. vl is the velocity
of the VCO, and Qi and Qy, in Eq. (15) are constant weights to be determined by the
proposed method. That is, Q; = [Qk,1  Qk2]" is the tuning parameter of this study. w and z
are the disturbance and the controlled output, respectively. Accordingly, K}, the VCO-based
model-free H, controller at the kth iteration, is designed to minimize ||F;(Gy, K|, which is
the 2-norm of F;(Gy, K;), the closed-loop transfer function from w to z [57]. The Control
System Toolbox and the Robust Control Toolbox of MATLAB were used for the numerical
calculations.

YA
u Ky y Gk

Fig. 4. Generalized plant for VCO-based model-free H, controller design.

The effectiveness of the proposed tuning method is verified by tuning Q, to provide
sufficient damping performance for the RCO and actual controlled objects. In particular, the
tuning speed of the proposed method is compared with that of the tuning scheme proposed in
the previous study [53]. Hereafter, the tuning methods proposed in the previous study and this
study are referred to as Algorithms 1 and 2, respectively. Equations (16) and (17) are the
expressions of Q, by 8, in Algorithms 1 and 2, respectively. Notably, Eq. (16) was used in the
previous study [53] and Eqg. (17) was proposed in Section 3.3. Table 3 lists the parameters for
Algorithms 1 and 2 [53,54]. In the damping simulations, the disturbance to excite the RCO is
a white noise.



Algorithm 1: Q. = Qo[|0k1| |6k2[1" (16)
Algorithm 2: Q; = [10k1  10%%k2]" (17)

Table 3.  Parameters for Algorithms 1 and 2.

Properties Value
Algorithm 1 Algorithm 2
Ay Bernoulli +1 distribution with Bernoulli +1 distribution with
probability of 0.5 for each +1 probability of 0.5 for each +1
outcome outcome
a 1.0 3.0
c 3.0x 107t 3.0x 1071
A 1.0 x 10?1 1.0 x 10!
a 0.602 0.602
y 0.101 0.101
6o [1 1]" [0 o]
Qo diag{1 1} -
Cstop 1500 200

4.2. Tuning results

Figures 5 and 6 are the tuning results obtained by Algorithms 1 and 2, respectively. Figures
5(a) and 6(a) show J,, the loss function measurement values at each iteration. Figures 5(a) and
6(a) demonstrate that both Algorithms 1 and 2 successfully decrease the measured loss function
values as the iterations progress. Notably, Algorithm 2 is much more efficient than Algorithm
1 in that Algorithm 2 can decrease the loss function value with fewer iterations than Algorithm
1. Figures 5(b) and 6(b) describe the frequency responses obtained by the vibration control
simulation for the RCO. In Fig. 5(b), the black, blue, and red lines indicate the frequency
response without control, the closed-loop frequency response with the controller designed by
Q,, and the closed-loop frequency response with the controller designed by Q4500 respectively.
In Fig. 6(b), the black, blue, and green lines show the frequency response without control, the
closed-loop frequency response with control by Q,, and the closed-loop frequency response
with control by Q,q,, respectively. That is, the blue lines in Figs. 5(b) and 6(b) are the
frequency responses provided by the controller before tuning, whereas the red and green lines
are those provided by the controller after tuning via Algorithms 1 and 2, respectively. The black
and blue lines almost overlap in Figs. 5(b) and 6(b). Table 4 lists the Q,, and J, values obtained
by Algorithms 1 and 2, respectively. Figures 5 and 6 demonstrate that both Algorithms 1 and
2 can determine the proper tuning parameters and that the resultant controllers provide good
damping performance for the RCO. The resultant controllers have the same damping
performance for the RCO. However, Figs. 5 and 6 and Table 4 also show that Algorithm 2 can



search the appropriate tuning parameter much faster than the previous method. Consequently,
Algorithm 2 is more efficient than Algorithm 1.
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Additionally, we performed the same validation as described in Section 4.1 when values of
m,, and k,, are fluctuated by +30% each. The other conditions for the tuning are the same as
those for the validation shown in Figs. 5 and 6. As a result, almost the same results as those
demonstrated in Figs. 5 and 6 have been obtained. That is, although both Algorithms 1 and 2
provided the appropriate parameters of the VCO-based H, controller, Algorithm 2
outperformed Algorithm 1 in the viewpoint of the tuning speed. Therefore, the proposed
method has robustness to parameter variations of the VCO.

Table 4. Tuning results.

Properties Value
Algorithm 1 Algorithm 2
Qcstop,1 3.0283 1.2651 x 10?2
Qcstop,2 3.5194 x 10~* 0.0108
Jo 2.2823 1.9001
Jestop 0.9112 0.8927

5. Vibration control experiment

The damping performance of the VCO-based model-free H, controller tuned by the proposed
method (Algorithm 2) is compared with that of the controller tuned by the previous method
(Algorithm 1) via vibration control experiments. Hereafter, the controller tuned by Algorithm
1 is referred to as Controller 1 and that tuned by Algorithm 2 is referred to as Controller 2.
Controllers 1 and 2 were designed using the parameters listed in Table 4. Notably, Controllers
1 and 2 are identical to the controllers which provide the control results described by the red
line in Fig. 5(b) and the green line in Fig. 6(b), respectively.

Figure 7 shows the experimental setup and the closed-loop system configuration. The
damping performance of the controllers is evaluated by the acceleration of the controlled object.
In the experimental system, the actuator was fixed on the damping point of the actual controlled
object with bolts and nuts; the acceleration sensor was fixed with a magnet. The sensor was
attached on the backside of the position where the actuator was mounted. The measured output
was obtained by the accelerometer and input to the digital signal processor (DSP). The DSP
calculated the control input signal on the basis of the measured output. The control input signal
provided by the DSP passed through an analog low-pass filter to prevent spillover. The control
signal was then amplified by the current amplifier to drive the actuator. The disturbance (a 1-
1000 Hz linear sweep sinusoidal signal) was delivered from the signal generator. The spectrum
analyzer measured the frequency responses from the disturbance to the acceleration of the
damping point. Figure 8 describes the controlled objects for the experiments. The structure
shown in Fig. 8(a) is a cantilever plate made of aluminum, and the structure shown in Fig. 8(b)
is the cantilever plate (described in Fig. 8(a)) with a 0.685 kg mass on it. Hereafter, the



structures depicted in Fig. 8(a) and 8(b) are referred to as Controlled Objects 1 and 2,
respectively.

Measured  Digital signal processor

output —
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controller
Power Signal A
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Load cell i amplifier
L
Controlled I]\ Accelerometer
object » FET
Pl analyzer
(a) (b)

Fig. 7. Experimental system: (a) experimental setup, and (b) closed-loop configuration.
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(Actuator,

(Excitation point) B,
(Actuator,

(b)
Fig. 8. Configurations of controlled objects: (a) Controlled Object 1 (cantilever plate), and
(b) Controlled Object 2 (Controlled Object 1 with a 0.685 kg mass on it).

Figures 9 and 10 show the experimental results for Controlled Objects 1 and 2, respectively.
The black, red, and green lines are the frequency response without control, the closed-loop



frequency response with Controller 1, and the closed-loop frequency response with Controller
2, respectively. Table 5 summarizes the representative damping results in Figs. 9 and 10. The
results in Figs. 9 and 10 and Table 5 show that both Controllers 1 and 2 provided good damping
effects to Controlled Objects 1 and 2. The vibration suppression performance of Controller 2
is the same as that of Controller 1. Notably, however, Controller 2 is obtained using a much
smaller number of iterations than Controller 1. That is, Algorithm 2 is much more efficient than
Algorithm 1 because Algorithm 2 can provide an appropriate tuning parameter of the VCO-
based model-free controller with a much smaller number of iterations than Algorithm 1.
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Fig. 9. Frequency responses obtained by vibration control experiments with Controlled
Obiject 1.
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Fig. 10. Frequency responses obtained by vibration control experiments with Controlled
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Table 5. Main vibration reductions for Controlled Objects 1 and 2.

Controller Reduction amount [dB]
Controlled Object 1 Controlled Object 2
116 Hz peak 257 Hz peak 105 Hz peak 226 Hz peak
Controller 1 —10.23 —6.79 —6.28 —2.87
Controller 2 -11.11 —7.52 -7.01 -3.21
6. Discussion

Section 4.2 shows that the proposed method appropriately tunes the VCO-based model-free H,
controller to provide good damping effects to the RCO without burdensome manual trial-and-
errors. In Chapter 5, we demonstrated that the controller tuned by the proposed algorithm can
suppress the vibrations occurring at various controlled objects that differ from the RCO.
Therefore, the proposed method can derive a VCO-controller that is applicable to various
structures without requiring modeling and trial-and-error tunings for them.

Although Controllers 1 and 2 are tuned using only the RCO, they both suppress vibrations
occurring not only at the RCO but also at various controlled objects other than the RCO, as
shown in Chapter 5. These results are attributed to the VCO-based model-free controller being
robust against various changes in actual controlled objects [53]. Such robustness is due to the
independence of the VCO-based controller design from actual controlled objects. Moreover,
Controllers 1 and 2 are tuned using different methods—specifically, Algorithms 1 and 2—
implying that such robustness does not depend on the parameter tuning procedure. Therefore,
more appropriate scaling methods and parameter searching algorithms might exist. In the future,
several types of scaling and optimization techniques will be compared.

The significant difference between Algorithms 1 and 2 is the tuning parameter expression,
i.e., only Algorithm 2 addresses the scale difference in the tuning parameters. The tuning results
shown in Table 4 confirm that the resultant tuning parameters differ substantially in scale.
Specifically, in Algorithm 1, Qcstop,1/Qcstop,2 = 8.6 X 103, and Qcstop,1/Qcstopz = 1.2 X
10* in Algorithm 2. However, the scale difference in the design variables in Algorithm 2 is
much smaller than that in Algorithm 1: |8¢sop |/|Ocstop2| = 8.6 x 10° in Algorithm 1, and
|0cstopa|/|Ocstop,z| = 1.1 in Algorithm 2. These differences originate from Eq. (12), which
appropriately modifies the design variables to fit SPSA. Consequently, the proposed parameter
expression greatly reduces the scale differences of the parameters to be tuned and improves the
speed of the tuning algorithm, resulting in enhancing the practicability of the VCO-based
model-free vibration control.

The VCO-based active damping method is simple and practical in the sense that this
method does not require any mathematical models of actual controlled objects for its design
process. This damping technique can be used by directly attaching the actuator and sensor to
the damping point. Nevertheless, this condition may not always be satisfied depending on size



of the actuator, configuration of the structure to be controlled, and so on. In the future, to further
improve the practicability, the VCO-based model-free vibration control method will be
modified so as to be feasible even if the actuator and the sensor cannot be attached directly to
the damping point.

This study treats rather a practical issue of the VCO-method than exploring its fundamental
characteristics so as to bridge the gap between the basic study and its implementation. In
particular, this study is devoted to reducing the labor of tuning of the VCO-based model-free
controller, enhancing the implementation of the VCO-based model-free vibration control in
practice. However, the several fundamental natures of the VCO-based model-free control
system such as the stability have not been rigorously analyzed so far. The analysis of the VCO-
method may require different techniques from the way to analyze usual model-based control
systems due to its model-free nature. In the future, the analysis method of the model-free
control system based on the VCO will be developed, and the stability of the VCO-based model-
free control will be theoretically analyzed.

As demonstrated in the experiments, the VCO-based model-free vibration control
technique can suppress multiple modes vibration in the predetermined frequency band where
vibration should be attenuated, which is a significant advantage of this control strategy. This is
because VCO-based model-free control relies on the condition that x,, = x; holds in the
controlled frequency band. Specifically, VCO-based control indirectly suppresses the vibration
x, of the actual controlled object via controlling x,, of the VCO. This implies that every mode
vibration making magnitude of x; (and hence x,) large in the controlled frequency band is
attenuated by the VCO-based model-free controller. Consequently, if there exist multiple
vibrations having large magnitude within the controlled frequency band, VCO-based model-
free control can suppress the vibration due to all of them, resulting in multi-mode vibration
control. Note that the condition x,, = x;, which is the key for VCO-based model-free vibration
control, can be achieved independently of detailed vibration characteristics of the actual
controlled object.

However, the mechanism of VCO-based model-free vibration control also implies its
limitation: this technique is not good at reducing the vibrations having small magnitudes at the
damping point. For example, vibration due to a mode where the damping point locates nearly
at its node cannot be suppressed. That is, although the VCO-based model-free vibration control
technique is effective for suppressing distinguished vibration modes at the damping point, other
vibration modes tend to be neglected. Employing multiple actuators will be effective to
overcome this difficulty and to achieve good vibration suppression at multiple damping points;
this will be our future work.

7. Conclusion

In this article, a novel controller tuning method is developed to enhance the practicability of
the VCO-based model-free vibration control. The proposed tuning strategy was compared with
the previous one via tuning the VCO-based model-free H, controller, exhibiting the better
performance. In the experimental verifications, the controller tuned by the proposed method
provided good damping effects for all the investigated controlled objects. Consequently, this
study successfully improves the usability of the VCO-based model-free vibration control,



resulting in providing the simple and practical technique to tackle the vibration problems for
various mechanical systems.

In the future, the performance of the proposed method will be verified for tuning problems
of VCO-based model-free controllers designed using various types of control strategies
because the proposed method does not depend on specific types of the control theory to design
a VCO-controller. Moreover, the VCO-based model-free active damping method will be
modified so that it can be used when the actuator and the sensor cannot be attached directly to
the damping point.
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