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1. Introduction

Shaking systems, which have become more accurate in replicating actual situations, are used in vibration-proof tests for
a wide variety of applications, such as civil and architectural engineering, and the automotive industry. Using
electrodynamic shakers has several advantages, such as good linearity and a wide-frequency response; they also allow
for more accurate vibration tests when they comprise the shaking system. The controller for a shaking system is required to
provide not only stability but also a good replication of the given reference waveform. In order to obtain a good tracking
performance, the controller primarily has to compensate for the nonlinear characteristic of the controlled system and the
influence of the test piece. Conventional controllers employ the open-loop method that compensates iteratively through
repetitive excitations. However, if the test piece is fragile, the specimen breaks before it is subjected to the desired
excitation level; this is because of the damage caused to the specimen after each iteration. Therefore, the iterative control
method cannot be used in this case. Because of this, finding new methods that do not employ iteration control has recently
attracted attention. These methods are studied by combining an actual vibration test with a computer simulation [1], as
they require shakers to be controlled in real-time without delaying the computer simulation.

There are several impressive control applications for electrodynamic shakers, such as an adaptive inverse control for
shock testing [2] and implementations of current and acceleration controllers [3]. However, since the test applications are
different from this requirement, the approaches are not appropriate in this case. In contrast, several features can and have
been adapted from electrohydraulic shakers. For example, the minimal control synthesis method, one of the model
reference adaptive control methods, has successfully been applied [4], and the real-time compensator of a reaction force
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has cancelled out its influence [5]. However, these control methods do not explicitly consider uncertainties such as the
influence of the test piece. Concerning the electrodynamic shaker, its influence generally becomes prominent in
comparison with the electrohydraulic shaker. Therefore, explicitly taking into account the uncertainty is necessary. There
are many successful cases of applications with robust vibration control, such as controls for active suspensions [6], dual-
stage actuators in a hard disk drive [7], and steering wheel vibration simulators [8].

On the other hand, an improvement in control performance is also required, such as when considering the stability of a
plant. Since the designs for system stability and control performance can be treated independently, a two-degree-of-
freedom (2dof) controller is often used to achieve this advantage. There have been several studies where elements of
adaptive control were employed in the feedforward block to improve the control performance when accurate modelling
was difficult, with good results [9,10]. By using the adaptive filter on the control structure of the 2dof controller, the filter
only has to compensate for the difference between the nominal model and the actual plant beyond the controllable band of
the feedback controller. In a previous study by the current authors, the 2dof controller for an electrodynamic shaking
system that used p-synthesis in the feedback control and an adaptive filter was applied [11].

In applications of the adaptive filter, the transfer characteristic for the “secondary path”, which refers to the path from
the adaptive filter output to the control point, is generally known. For expedience, the transfer characteristic for the
secondary pass in this case is generally assumed to be known as well. However, uncertainties caused by nonlinear
characteristics and the influence of the test piece exist in the actual secondary path. Therefore, the adaptive filter needs to
be able to take into account these uncertainties. In order to compensate for the influence of this problem, several good
studies have proposed methods such as adaptive active noise systems with online secondary path modelling [12,13] and
active noise control algorithms without secondary path identification [14,15].

In this paper, an adaptive filter based on the H filter [16] is used. This method has been applied to active noise control
[16] and adaptive equalizers over wireless channels [17] and achieves a better performance compared with the general
filtered-X LMS method. As the uncertainty existing in the secondary path can be assumed to be a disturbance, and solving
the Ho, filtering problem yields an optimal solution under the assumption of the worst case scenario for unknown
disturbances, the control performance improves for a controlled plant where uncertainties exist. In the proposed controller
constitution, uncertainties inevitably exist in the secondary path, which contains the controlled system. Therefore, this
adaptive filter is a suitable method to constitute the controller.

For the primary evaluation of the 2dof controller with the adaptive method mentioned above in this paper, a single-axis
compact shaker is used; the control performance is investigated through an excitation experiment. The rest of the paper is
organized as follows. Section 2 introduces a mathematical model and an uncertainty weighting function for the system;
Section 3 presents a feedback controller designed by u-synthesis and a 2dof controller; Section 4 describes the application
of an adaptive filter based on the H, filter; Section 5 provides some experimental results; and finally, the paper is
summarized in Section 6.

2. Model for an electrodynamic shaker

The outline of the electrodynamic shaker is explained here. A nominal model and an uncertainty weighting function for
the system are also introduced.

2.1. Nominal model

The electrodynamic shaker shown in Fig. 1 is based upon the principle that an electrodynamic force is generated in
proportion to an electric current applied to the coil existing in the magnetic field. To perform the vibration test at a lower
frequency band, the armature displacement of the shaker is selected as a controlled quantity and is measured using a laser
displacement sensor. The simplified model of the electrodynamic shaker is as a vibration system with a single degree of
freedom, as shown in Fig. 1. By assuming the magnetic flux density to be constant, the drive coil can be represented as a
linear equivalent circuit; this in turn allows for a mathematical model of the electrodynamic shaker

mjs = Bll; — Cyys — Kgys, (1)

L4 11 = —Blys — R111 + Gqls. (2)
Armature
Armature
guidance
system
Drive coil

Field coll

Fig. 1. Overview of an electrodynamic shaker and schematic diagram of the shaker model.
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Table 1
Parameters for the electrodynamic shaker and its perturbed region.
Symbol Parameter Perturbed region (%)
m Armature mass —30 to 30
Kq Stiffness coefficient of suspension —40 to 80
Cy Damping coefficient of suspension —30 to 30
Ly Inductance of drive coil —30to 30
Ry Resistance of drive coil —4to 18
B Magnetic flux density —20 to 20
I Length of drive coil
Gq Amplifier gain
Us Input voltage to amplifier
Vs Armature displacement
I Current of drive coil

Rubber spring

Weight (970[g])

Test piece

Armature

Laser _—

displacement
sensor

Fig. 2. Overview of the electrodynamic shaker with the test piece.

The parameters and variables are listed in Table 1. By rewriting Egs. (1) and (2), the transfer function from the input
voltage us of the amplifier to the displacement y, of the armature is shown as follows:

G/ _ BlGa
S mLys3 + (MRy + Cyly)s? + (K4Ly + C4Ry + (B)?)s + K4Ry

(3)

The characteristic of a noise-cut filter and the AC coupling of the amplifier are added to the transfer function G;, resulting
model is defined as the nominal model Gs. A second-order low pass Butterworth filter is used for the noise cut, and a first-
order high pass filter is used for the AC coupling.

2.2. Modelling uncertainty

The control performance is evaluated by using the experimental shaker shown in Fig. 2. Similar to an actual scenario, it
is considered that a resonant specimen is applied and a 970 g specimen is supported by a rubber spring as shown in Fig. 2.
The first-order resonant frequency of the specimen is approximately 13 Hz. Due to the influence of the resonance, a peak
notch appears in the transfer characteristic of the shaker close to the resonant frequency. This influence is considered as an
uncertainty because a stable excitation is performed irrespective of the characteristics of a specimen. However, in this
study, a small experimental shaker is used. Thus, the kind of specimen that can be used is restricted, and it was difficult to
obtain a nonlinear characteristic of the shaker merely through the influence of the specimen.

Furthermore, in order to add to the nonlinear characteristics of the shaker, friction is generated by increasing the
clamping pressure of the suspension system. To investigate the influence of the friction, the transfer function of the plant is
measured by using input signals of white noise to monitor rms values that differ correspondingly. The results are shown in
Fig. 3, with the solid blue lines representing the measured transfer functions. A significant nonlinear characteristic for the
input voltage level existed up to approximately 30 Hz in the frequency response. The models that corresponded to an input
voltage can be identified by altering the parameters of the suspension system and noting the changes; the dashed red lines
represent the models. Fig. 3 shows that the characteristic of the model is consistent with the measured transfer function at
each input level. The model that measured by using the white noise, set at 150 mV rms, is defined as the nominal model.
The perturbed regions of these parameters are obtained by comparing the nominal model with the other models.
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Fig. 3. Transfer function for the system with measurements of various input levels (solid blue line) and the characteristic for the model with parameter
adjustments for the measured data (dashed red line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Additive uncertainties caused by the influence of the specimen and parameter perturbations of the shaker are also
considered. The various parameter perturbations and their perturbed ranges are shown in Table 1. In order to estimate the
values of these additive model perturbations, the differences between the nominal transfer function and the perturbed
transfer functions are calculated when only one parameter is changed and the others are fixed. The perturbed models in
Fig. 4 are plotted by using the minimum and maximum values of each parameter. Furthermore, the influence of the
difference between the nominal model and the model with the test piece is investigated. The resonant frequencies for the
specimen are set at 13.2 and 12.6 Hz. The results of which shown in Fig. 4(d). The magnitude of the weighting function W
selected to cover all the perturbations can be expressed as follows [18]:

~ 2.1(s + 150)
Wa = s+30 (4)

In order to reduce the influence of the uncertainties that cannot be considered, the magnitude of the weighting function
is assumed to increase in the high-frequency bands.

3. Design of the 2dof controller

The design of the electrodynamic shaker controller is carried out by using MATLAB.

3.1. Objectives of the control

Controllers are required to be able to precisely replicate the measured waveform, where often the main frequency
components are at lower frequency bands such as a seismic wave. In addition, the uncertainties explained in Section 2 need
to be taken into account; hence, the following items were set as control objectives:

o Stabilize the system even when an uncertainty exists.
e Maintain performance by replicating the reference signal accurately.

A controller is designed to maintain robust stability against the uncertainty model. Moreover, a controller needs to
maintain good performance despite the uncertainty. Therefore, the controller for the proposed system is designed by
u-synthesis, which has been used in many applications, such as Ref. [18]. This system employs a 2dof controller to improve
the transient response. An adaptive filter is then added in order to meet the control performance requirements and is
described in the next section.
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Fig. 4. Weighting function W (solid blue line) along with additional uncertainties: (a) stiffness coefficient K; and damping coefficient Cy4, (b) inductance
Ly and resistance Ry, (c) magnetic flux density B and armature mass m, and (d) influence of the specimen. The perturbed models derived by using the
maximum values are denoted by a dashed red line in (a)-(c). The perturbed models derived by using the minimum values are denoted by a chained green
line in (a)-(c). The influences of the specimen for which the resonant frequencies Fr are set at 12.6 and 13.2 Hz are denoted by a dashed green line and a
chained red line, respectively, in (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 5. Block diagram of the feedback structure with weighting functions for y-synthesis.
3.2. u-synthesis

In the feedback structure shown in Fig. 5, r represents the reference signal, es is the control error, and K}, is the feedback
controller.

In order to precisely replicate the reference signal, a weighting function W5 is considered. For the precise replication of a
seismic wave, the gain of the low-frequency band is required to be enlarged in order to obtain robust stability. In contrast,
the influence of unconsidered uncertainties existed at higher frequencies. Furthermore, since the displacement signal is
employed in the response, the signal-to-noise ratio is lower in those frequency bands. In order to avoid these problems, W
is adjusted in the experiment by multiplying four first-order systems. On the other hand, the second-order system, where
the characteristic of the high pass filter is included, is used because it contained the characteristic of the AC coupling in the
amplifier. As a result, the design weight Ws is now expressed as

WSI

10.%-04.-2r 082z (4~27‘c )2 s2 (5)

s+04.2n1 s+08-2n\s+4-2n) s2+0.89s5+0.39"
where o represents the adjustment parameter, which is selected to be 1.2.
The design objective for stability and control performance is formalized as a requirement for a closed-loop transfer

function with weighting functions. Therefore the generalized plant P, shown in Fig. 6, is constructed to deal with the
control objectives of the u-synthesis framework. Here, the block structure for the uncertainty 4 is defined as

A=(diag(da, Aperf). Aa € €1, Apeyr € €11, (6)
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Fig. 6. Block diagram of generalized plant designed using u-synthesis.

2DOF controller

Fig. 7. Block diagram for the 2dof controller.

where |4q|<1 and |4pes|<1. Here, 4,.¢ represents a hypothetical uncertainty block for considering a robust
performance. Since the controller satisfies the robust performance condition, the D-K iteration procedure is employed.
In this paper, the controller can be obtained after two iterations, and the degree of the controller is reduced from 16 to 10
states.

3.3. Construction of the 2dof controller

The 2dof controller shown in Fig. 7 is introduced to improve its transient response to the reference signal [19]. F; and Gs
represent the reference model and the actual plant. This control system has the advantage that the transfer function Gy
from the reference r to the response displacement y; can be determined by F; irrespective of the choice of Kj,. If the
nominal model was perfect, or Gs = Gs, then the transfer function becomes Gy,r = F4. This equation supports the
assumption that the reference characteristic of the system can be determined by F;. However, the actual plant is in general
known to be imperfect and so Gs is not equal to Gs. The feedback stability is determined by K, irrespective of F4. In addition,
when the feedback control works precisely, Gy.r becomes equal to Fy.

For the precise replication of a reference signal, a small phase delay characteristic at a low frequency is desirable. A low-
pass Butterworth filter with a cutoff frequency of 20Hz is applied for this purpose. F; is set to the fifth order in order to
obtain a proper F;/Gs.

4. Adaptive filter based on the H filter

In order to compensate for the difference between the model and the actual plant, this section describes the adaptive
filter adds to the proposed system.

4.1. Application to an electrodynamic shaker

In general, the plant’s actual characteristic differs from that of the nominal model due to the influence of the
interaction between the specimen and the nonlinear characteristic. In practice, such an influence appears in the response
signal. This influence becomes particularly dominant when the frequency is beyond the frequency range of the feedback
controller. Therefore, the addition of the adaptive filter to the feedforward term enables the compensation for plant
perturbation through online updates. When the adaptive filter is used instead of F;/Gs, the filter converges over a
period of time and the transient response is likely to worsen. Therefore, an adaptive filter is inserted in series with the
existent feedforward block as shown in Fig. 8. The transfer function Gy, from reference r to the response displacement y; is
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given here

N . G
Gy,r = (1 + GsKp)™! <Gsl<b +G—SGaf> Fy. (7)
S

Here, G4 denotes the characteristic of the adaptive filter. The objective of this adaptive filter is to ensure that Gyr equals
Fg4. This way, the characteristics of the optimally adjusted adaptive filter can be given by Gyr = Gs/Gs. The filter is structured
to compensate for the difference between the nominal model and the actual plant.

It has been noted that the stability of the feedback control system after the addition of the adaptive filter should not be
fully compensated. The stability analysis for this control system with the adaptive filter is certainly incomplete. However, in
order to apply this adaptive method to the electrodynamic shaker experimentally, the influence of the addition of the
adaptive filter is confirmed by the actual excitation experiment. This adaptive filter is typically discussed in a discrete
system; the controller is designed with the continuous time system described in the previous section and discretized via
the Tustin transform. The discretized parameters are indicated by the subscripts “t”.

In order to clarify the description for the adaptive filter, the feedback term is arranged as shown in Fig. 9 using
G =1+ Cs,tK ,_.,,t)”. where the characteristic represented the sensitivity function. Since the error signal es is applied to
the sensitivity function in Fig. 9, the level of es s was considered to be low and within the controllable frequency band of the
feedback controller. Therefore, the adaptive filter only has to compensate for the difference between Cs,t and Gs, which
was beyond the controllable band of the feedback controller. On the other hand, when the controller is constituted by such
blocks, the transfer function for the secondary pass from the filter output to the error signal needs to be considered.
However, the uncertainty exists in the secondary path of the actual plant @s,t. The estimation-based adaptive filtering
(EBAF) method [16] based on the H,, estimation problem is then employed so that the uncertainty is explicitly considered.

4.2. Configuration of the Hy filtering problem

In order to employ the EBAF method, the system shown in Fig. 9 can be interpreted as an estimation problem. The
objective of the adaptive filter is to generate a filter output such that the output of the secondary path y; , is similar to the
output of the primary path d;. When the adaptive filter is adequately adjusted, the characteristic from ?t to d} should be
equivalent to the characteristic from r to y,, since y; , should equal d;. Therefore, an approximate model of the primary
path can then be constituted using the secorfdary path: and the system shown in Fig. 9 is then transformed into the system
shown in Fig. 10. Here, the secondary path is assumed to be equivalent to the nominal model. However, because there is an
uncertainty corresponding to the difference between the actual plant and the model in the secondary path, a modelling
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error Gpg, is introduced to account for the uncertainty and expressed as

GuEe = (G Gs Gt — DFGar - (8)

Furthermore, Fig. 10 shows that the influence of the uncertainty is treated as the input disturbance v;.

As stated above, the control objective of the adaptive filter is formalized as the problem that estimates the desired signal
d; under a disturbance. The measured quantity m; used in the estimation process is defined as the sum of the reference
quantity d; and the disturbance v¢. However, m; is calculated by adding the output y}, , of the nominal model to the control
error es¢ because vy cannot be measured directly ’

me = dp + ve = est + Yo (9)

The approximate model for the primary path is shown in Fig. 11, where A¢ ., By, C;,, Dy, represent the state-space
matrices of the secondary path, wy = [wg;, Wy, ... ,wN,t]T is the filter weight coefficient, and X; ; is the state variable of the
secondary path. In addition, the state variables for the overall system are set to xT=[wa}t]T; the state-space

representation of the system I" of Fig. 11 is

Wi q Inensveny 0 [we
X = T =Fex, (10)
fit+1 By (hy Age | | Xt
where h; = [r¢,7;_1,...,7;_n]. The measured output defined in Eq. (9) can be rewritten as
T We
me = [Dy by Cp ] Xf + vei=HeXt + vt. (11)




Y. Uchiyama et al. / Journal of Sound and Vibration 326 (2009) 75-87 83
The estimated quantity is then defined as follows:

W¢
zr =[L1t Lyl Xr¢ =L¢X¢, (12)

where m; € 2'1, z € 2", %, € #"*1, and w; € 2N *TD*1. The L is the matrix for the estimation and is determined by
selecting the desired quantity to be estimated. F; is assumed to not always non-singular.

4.3. Computing algorithm for the Hy filtering problem

In the system I’, for a given y>0, the Hx filtering problem is formalized as finding an estimator z; = & (my,....,my,)
such that the following relation is satisfied:

t1—1 5
Stle, 12 — 2112 ,
sup

- (13)
1 t1—1
vy XE TIG Xy + Sy vl

where I is defined in the finite horizon [t, t1] and Ei]:tollvtllz <oo, and I >0 is the weighting matrix for xy,.
In order to solve the Hy, filtering problem, the following minimax problem is considered and an existence condition for
a solution is introduced. The inequality Eq. (13) is arranged as the following cost function:

71 -1
Ja.m Xeito. 0= llze — 2012 — 92 | X, Mg " Xeo + > lme — Hexe? ], (14)
t=ty t=tg
where 7 is a fixed value in [ty,t1] and {m; : tg<t<t} is a fixed value. The minimax problem is considered as follows:
min max J(z,m, X¢,; to, 7). (15)
z  Xg

With regard to this minimax problem, the time-updating H filtering algorithm given by Refs. [20,21] is employed. One
of the computing algorithms for the Hy, filter of the system I" is given by

Zp = LeXe + LtMtH—tr(I + HtMtHg—)_l(mt — HiXyp), (16)
where to<t<t;, and X; is given by
%1 = Feke + FeMH] (1 + HMH]D) ™ (me — Heke), (17)
Xy = 0. (18)
M; is calculated by the time update algorithm as follows:
M, = F.XF, (19)
M, =Ilo, (21)

where the discrete-time Riccati equation is required to have the solution X; for the positive matrix in the finite horizon
[to, Tl

5. Excitation experiment

In this section, the control performance is confirmed experimentally using the controller designed above. The
experiment is performed by the system described in Section 2.

5.1. Settings for the excitation experiment

In order to use a controller with a processing board, the controller is discretized via the Tustin transform at a sampling
frequency of 512 Hz. This experiment is performed by excitation using a measured displacement waveform data as the
reference signal. This experiment is performed by excitation using a measured displacement waveform data as the
reference signal, which is shown in Fig. 12. The frequency components of this reference signal are dominant at a low
frequency, where the uncertainty for friction exists as shown in Fig. 3. Therefore, in order to improve the control
performance, the influence of friction needs to be compensated for. The control performance is evaluated based upon the
transient response during excitation. The experiment is executed by changing the level of the reference waveform to
investigate the influence of variations in the friction force. Because the nonlinear characteristic shown in Fig. 3 exists, the
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Fig. 12. Transient response and frequency response of the reference signal.

characteristic of the secondary path is changed for the level of the reference waveform. Therefore, the different
uncertainties appear in the secondary path, and which allows the control performance for the influence to be estimated.

The secondary path in Fig. 11 is set as the reference model F;;. The matrix L; is chosen as Ly = H; for the estimation
problem such that the estimation quantity z; is equivalent to d;. The length of the FIR filter is set at 16 to reduce the
calculations required. Due to the short filter length, it appears that the errors in the adaptive filter cannot be fully
converged. 7 is kept at y = 1. Based upon these set parameters, the amount of calculation is reduced for Eqgs. (19)-(21). The
initial value I for Eq. (21) is chosen to reduce the error to within a range that satisfies both the stability and performance
requirements. For comparison with a conventional method, a filtered-X LMS method is used in the experiment. The filter
length is selected as 16 to match the EBAF method, and a convergence factor is obtained in the same manner as the choice
of Ho.

5.2. Conventional method

In order to compare a conventional method with the proposal method, a conventional open-loop control with iterative
excitation is used. The iteration process of this conventional method is summarized as follows:

Step 1. The first drive is calculated from the measurement transfer function.

Step 2. The excitation is performed, and an error signal is obtained.

Step 3. The next drive signal is computed from the previous drive and error signal.
Step 4. Repeat from Step 2.

Here, the drive signal denotes the output from the controller to the amplifier.

First, the conventional control is considered. The control results using the first drive signal are shown in Fig. 13(a) and
those after the third iteration are shown in Fig. 13(b). The left figures represent the reference and response signals, denoted
by the dashed red and solid blue lines, respectively. The right figures represent the error signal. Also, the rms error ( = rms
value of the error signal / rms value of the reference signal x 100%) and the peak error are shown in the figures. Due to the
influence of the nonlinear perturbation of the system, it is difficult for the control using the first drive signal to yield good
results and the tracking error is enlarged, as shown in Fig. 13(a). Since the drive signal is updated by the third iterative
compensation, waveform replication can yield a good performance when compared with using the first drive signal.

5.3. Experimental results for the proposed method

The results obtain using reference waveforms that have different levels are shown in Figs. 14-16. The (a) sections
of Figs. 14-16 show the results for when the peak value of the reference waveform of magnitude is set to 0.6 mm and the (b)
sections similarly show the results for waveforms with magnitudes of 1 mm. As in Fig. 13, the left figures represent the
reference and response signals, and the right figures represent the error signal.

Fig. 14 shows in the results of the 2dof controller without the adaptive filter that the response waveform differs
significantly from the reference waveform. Since the trend of the transient response varies with the level of the reference,
the influence of friction is confirmed. In these results, even though such an uncertainty exists, the control is stable.
However, since the nominal model differs from the actual plant, a good performance is not obtained. The experimental
results obtain by the filtered-X LMS method under the same condition are shown in Fig. 15. By comparing these with the
results for the 2dof controller, the rms error is improved when the peak value of the reference waveform is 0.6 mm;
however, the rms error for a 1 mm magnitude increased slightly.
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Fig. 13. Excitation results with the conventional controller when the peak value of the reference is set at 0.6 mm: (a) with the first drive signal; (b) after
the third iteration. The figures on the left side show the response (solid blue line) and reference signals (dashed red line), and the figures on the right side
show the error signals (solid blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 14. Excitation results for the 2dof controller without the adaptive filter: (a) the peak value is set at 0.6 mm; (b) the peak value is set at 1.0 mm. The
figures on the left side show the response (solid blue line) and reference signals (dashed red line), and the figures on the right side show the error signals
(solid blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 16 shows the experimental results obtained using the EBAF method. By comparing them with the results shown in
Figs. 14 and 15, the tracking ability to the reference waveform is shown to yield a good performance when the EBAF method
is applied, and the rms error decreases approximately 13% compared to the 2dof controller irrespective of the level of the
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Fig. 15. Excitation results for the 2dof controller with the filtered-X LMS: (a) the peak value is set at 0.6 mm; (b) the peak value is set at 1.0 mm. The
figures on the left side show the response (solid blue line) and reference signals (dashed red line), and the figures on the right side show the error signals
(solid blue line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Excitation results for the 2dof controller with the EBAF method: (a) the peak value is set at 0.6 mm; (b) the peak value is set at 1.0 mm. The figures
on the left side show the response (solid blue line) and reference signals (dashed red line), and the figures on the right side show the error signals (solid
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reference signal. The maximum error also improves compared with the other control results. For the time period of 1.5-2s,
where the reference signal varies widely, the response signal in other control results overshot the reference, while the
response of the EBAF method is specifically suppressed. It should be noted that a specimen is not subjected to a bigger load

than that assumed during the vibration test. This way, superior control results are obtained.
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6. Conclusion

In this paper, a robust controller using an adaptive filter based on the H., filtering problem was used for an
electrodynamic shaker control, and excitation experiments were performed to evaluate the control performance. It was
assumed that the conventional open-loop method using iterative compensation by repetitive excitations could not be
employed, and the proposed controller was accordingly designed for this condition. A more robust controller was
developed by adding the adaptive filter from the EBAF method to the 2dof controller using p-synthesis. From the good
experimental results for the nonlinear plant, the controller was shown to be useful under the assumed conditions.
Although a reduction in the computational complexity is required, in comparison with a conventional method, the
proposed controller should be especially effective when dealing with uncertainties.
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