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Abstract

An electrohydraulic shaking table is an essential experimental facility in many industrial applications to real-time simulate
actual vibration situations including structural vibration and earthquake. However, there is still a challenging area for its
acceleration waveform replication because acceleration output responses of the electrohydraulic shaking table would not
be as intended in magnitude and phase of an acceleration closed-loop system due to inherent hydraulic nonlinear dynamics
of electrohydraulic servo systems. Thus, how to accurately and coordinately control parallel hydraulic actuators of the
electrohydraulic shaking table is a critical issue; so, many control techniques have been developed to address the issue.
Some currently used key techniques in this field are reviewed in the article, which are the objectives of academic
investigations and industrial applications. The article reviews some new control algorithms for the electrohydraulic
shaking table to obtain high-fidelity acceleration waveform replication accuracy.
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Introduction uncertainties of the EHST, such as dynamics of servo-
valves and hydraulic actuators.'”**2° Besides, disturbed
reaction forces generated by a specimen deteriorate,”®
dynamics of the base support,?® and internal coupling force
in the EHST,"®'"*? and so on, affect acceleration tracking
control performances. Many compensation approaches for

An electrohydraulic shaking table (EHST) is an important
experimental testing tool to replicate actual vibration situations
for evaluating original structural performances of a tested spe-
cimen in civil and architectural engineering,l_5 automotive
industry,®’ earthquake resistance testing,* ' structure fatigue
testing,>'> and so on. Due to potential advantages of the
EHST 1npower de,nSIty’ large fOlré:f?ng, hl_gh_ﬁdellt_y,p()81tlon and 'School of Mechatronic Engineering, China University of Mining and
acceleration tracking accuracy, high durability and stiff- 1o pno10gy, Xuzhou, China
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accurate vibration tests, many investigations have been carried ~ China University of Mining and Technology, Xuzhou, China
on their academic studies and industrial applications.**°
However, dynamic characteristics of acceleration output Corres.Pondi"g. aUth.o " -
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responses on the EHST would not be intended in its mag-  x ;hou 221116, China,
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acceleration waveform replication on the EHST have been
employed to minimize nonlinear behaviors of electrohy-
draulic servo systems, such as off-line feed-forward
compensation controllers including a three-variable con-
troller (TVC),>!'8203073¢ 3 feed-forward inverse model
controller (FIMC),>'%!19-223439 and an off-line iterative
controller (OIC)*20-34:36:4074% 34d online adaptive
controllers including adaptive inverse control
(AIC),'8:21:22.33.35.37.44-48 ‘yinimal control synthesis
(MCS),>!8:37:39:4049°53 4 adaptive notch filter compensa-
tor (ANFC),?”-*® amplitude phase control (APC),>*** adap-
tive harmonic cancellation (AHC),>*>® and so on. Control
technologies used for general electrohydraulic servo sys-
tems have been reviewed by Plummer” and Yao et al.*
With such a vast array of compensation algorithms, it
became difficult to determine which controllers to be
employed for the EHST practical applications. The aim of
the review article is to provide an overview of main experi-
mental results obtained with different control approaches for
the benefit of the person responsible. The article focuses on
control technologies that are most often used or most pro-
mising technologies for acceleration waveform replication
on the EHST, as well as recent academic studies, but inevi-
tably, these technologies are far from being comprehensive.
Figure 1 summarizes some main controllers for acceleration
waveform replication on the EHST.

The goal of this article is to review control technologies
for the EHST to improve control performances of the accel-
eration waveform replication. To develop the idea, a dynamic
model of the EHST is established to verify the effectiveness
of these controllers for simulation. A coordinate controller as
a basic controller is employed to operate a redundant EHST.
These off-line compensation controllers including the TVC,
the FIMC, and the OIC are employed to expand the fre-
quency bandwidth of the acceleration closed-loop system
and obtain an asymptotic performance of the acceleration
waveform replication. In order to obtain a better acceleration
waveform replication accuracy on the EHST, online adaptive
controllers and their combined controllers are employed to
further adaptively adjust time domain drive signals. The
effectiveness of reviewed controllers is examined by some
experiments on an experimental redundant EHST with six
degree of freedoms (six-DOFs) controlled by eight hydraulic
actuators and servo-valves. To evaluate advantages and
drawbacks of these reviewed controllers, comparison of rela-
tive controllers and their evaluation analysis are presented
and main conclusions are summarized.

According to controllers used in the EHST, as shown Fig-
ure 1, contribution is organized as follows: “Dynamic model of
the EHST” section describes a structural and mathematical
model of the EHST, respectively. A coordinate controller for
the redundant EHST is reviewed in section “Coordinate con-
troller.” “Three-variable controller” section concerns with the
TVC to improve stability and the frequency bandwidth of the
acceleration closed-loop system of the EHST. “Feed-forward
inverse model controller” section reviews transfer function
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Figure 1. Control technologies for the EHST. EHST: electrohy-
draulic shaking table.

identification methods, feed-forward inverse model design
methods, and the FIMC and its improved control schemes with
modeling error compensators. “Off-line iterative controller”
section reviews OICs. “Online adaptive controller” section
reviews adaptive controllers and their combined controllers
based on adaptive control and off-line compensators are
reviewed in section “Combined controller.” To evaluate
advantages and drawbacks of different controllers, simulation
comparison of reviewed controllers and their evaluation anal-
ysis are presented in section “Simulation evaluation analysis of
main reviewed controllers.” An experimental setup of the
redundant EHST is employed in section “Experimental setup
of the EHST” to verify the effectiveness of reviewed
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Figure 2. Classical configuration (a) of a redundant EHST and (b) its simplified working principle of one actuator. EHST: electrohy-

draulic shaking table.

controllers. Some experiments are performed in section
“Experimental evaluation analysis of main reviewed control-
lers,” and experimental results verify acceleration waveform
replication performances of reviewed controllers. The main
conclusions are summarized in “Concluding remarks” section.

Dynamic model of the EHST

A structure of an experimental EHST is shown in
Figure 2(a), which is a six-DOF parallel redundant mechan-
ism, including X, Y, and Z translations, and roll R,, pitch
R,, and yaw R;, using eight hydraulic servo units that are
composed of eight servo-controlled hydraulic actuators and
eight servo-valves. A single hydraulic actuator configura-
tion of the EHST is established in Figure 2(b) because
dynamic responses of each actuator are similar, where 4,
is the effective area of the hydraulic actuator, Q; is flow
into the chamber, and Q, is flow out of the chamber of the
hydraulic cylinder, x, is the piston displacement measured
by a linear variable differential transformer (LVDT), x, is
the spool displacement of the servo-valve, p, and p, are
pressures in the two chambers, and p, is the hydraulic sup-
ply pressure. A simplified open-loop dynamic model of the
EHST system is established,'® which is given by

Ko

; ; (1)
s<s+25“’s+ 1) <S+25hs+ 1>
w2 Wy wz oWy

where K is the open-loop gain of the EHST, defined by
Ky = K, K,/A4,, in which K, is a servo-valve gain, K, is
the linearized flow gain; w; and &, are the hydraulic nat-
ural frequency and the damping ratio of the actuator,

respectively, which are defined by wj, = , /4/3€A§ /m,V; and

& = ((Ke + Cp) /Ap)\/ B[ Vi + (Be/44p)\/ V1] By, in
which f, is the effective bulk modulus, m;, is the total mass
of-thesactuatorspiston;sload;zandsspecimen, V; is the total
volume of the actuator, K. is the flow pressure coefficient, Cy,

Gop(s) =

is the total leakage coefficient of the actuator including an
internal leakage coefficient C;, and an external leakage coef-
ficient C,,, whose relation is given by C,, = Cj,+ C,/2, and
B. is the viscous damping coefficient between the piston and
payload; w,, and &, are the natural angular frequency and the
damping coefficient of the servo-valve, respectively.

A linear model that serves as a standard dynamic model
of the EHST is employed in engineering applications. Var-
ious linearized models for the EHST have been employed
to minimize the influence of nonlinearities for real-time
testing,'""192¢-2753-5758 apd nonlinear models of electrohy-
draulic servo systems have attracted the attention of many
researchers.’® % Duration nonlinearities of a servo-valve
have been included in the literature.>® Nonlinear character-
istics of a dynamic model for a real-time full-scale seismic
testing system have been noted in the literature.® Williams
et al.°! developed a realistic model of a dynamic structural
testing system, which includes a nonlinear model of a
servo-valve-controlled actuator system, the controller, and
model of test specimen. Zhao et al.* proposed a nonlinear
system model for the effective force testing system in
which a detail nonlinear servo-valve model is employed.
Plummer?® described a detailed simulation model for a six-
DOF shaking table including servo-valve response and
structural effects, significant nonlinearities associated with
the hydraulic and mechanical components.

A review with controllers of the EHST

Coordinate controller

A six-DOF redundant EHST with eight hydraulic actuators
cannot work normally due to geometric effects,'® different
parameters, and installation errors of eight actuators, which
may cause a large dynamic internal coupling force in the
redundant EHST. A general transformation framework for
multiaxis motion parallel actuator systems is presented in
the literature.'® An eight-DOF control method was
employed to implement independent control of the
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Figure 3. Coordinate controller of the redundant EHST: (a) coordinate controller based on the PSC and transform matrix and (b) a
multiaxis decoupling controller.'” EHST: electrohydraulic shaking table; PSC: pressure stabilizing controller.

EHST.*? Some multiaxis random vibration control methods
for the EHST have been presented.®> %® Although the coor-
dinate controller based on transformation matrixes can
eliminate the statically indeterminate problem of the redun-
dant EHST, an internal coupling force due to each para-
meter inconformity and installation errors among eight
actuators cannot be avoided. A pressure stabilizing control-
ler (PSC) is designed to reduce the internal coupling force.
A redundant force controller is developed to reduce the
cross-coupling among actuators.®” Recently, a multiaxis
modal controller and a dynamic compensator are new
methods that have been applied to the redundant EHST
to decouple the internal coupling force.'”**%° Plummer"’
presented a new model-based motion control method for
multiaxis EHSTs, and ability of this method to decouple
control axes is demonstrated. A modal space control
approach for a hydraulically driven fully parallel mechan-
ism with actuation redundancy is described in the litera-
ture,®® and zero-eigenvalue modes are equivalent to the
modulation of internal forces for reducing the internal cou-
pling force in the redundant parallel mechanism. A modal
analysis method is employed to clearly analyze dynamic
coupling characteristics of a spatial six-DOF parallel
manipulator, the dynamic coupling evaluation matrix is
used to reflect the coupling relationship, and the coupling
strength is defined in the literature.*” A coordinate controller
of the six-DOF-controlled EHST is designed, as shown in
Figure 3, where r,(k), y4(k), and y,(k) are the acceleration
reference signal, the actual position, and acceleration feed-
back signals, respectively; K,; are gains of the PSC, in which
i represents hydraulic actuators; an acceleration signal gen-
erator with a second-order filter K,/ (s> + 2w,(,s + w?) is
employedstostransformsa-referencesacceleration signal to a
desired displacement drive signal of the hydraulic actuator

for the position closed-loop, in which K, is a reference signal
generator gain; &, and w, are the damping ratio and the orig-
inal frequency of the acceleration control, respectively. Two
transform matrixes by transforming eight channel feedback

signals and six-DOF control signals are given by'®**
[0.5 0.5 0 0 0 0 0 0 ]
0 0 0.5 0.5 0 0 0 0
025 —-025 025 —-025 0 0 0 0
A 025 —-025 —-0.25 0.25 0 0 0 0
- 0 0 0 0 0.25 0.25 0.25 0.25
0 0 0 0 025 025 —-0.25 —-0.25
0 0 0 0 025 —-0.25 025 —0.25
| 0 0 0 0 025 —025 —025 025 |
2
(1 0 1 1 0 0 O 0 ]
1 0 -1 -1 0 0 O 0
01 1 -1 0 0 O 0
01 -1 1 0 0 O 0
-1 _
4= 00 O 0 1 1 1 1 3)
00 O 0o 1 1 -1 -1
00 O o 1 -1 1 -1
|0 0 0 0 1 -1 -1 1|

A complete multiaxis decoupling controller was proposed by
Plummer in the literature,'” which is shown in Figure 3(b), in
which A (s) is an estimate of the multivariable inverse actuator
characteristic, R is a modal to actuator space transformation, P
is amodal to Cartesian space transformation, k,, is a proportional
gain, and ¥ (s) is an estimated servo-valve dynamics model.

Three-variable controller

It is well known that variable feedback, including displace-
ment, velocity, and acceleration feedback, can improve
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dynamics of the EHST due to hydraulic position servo
systems that regularly exhibit a poor damping ratio and a
low natural frequency. Controllers based on variable feed-
back compensation are widely termed as a TVC.>!820-30-36
A block diagram of the TVC is shown in Figure 4, where
K., Ky, and K, are three feedback parameters, and Ky,
K,,, and K, are three feed-forward parameters, respec-
tively. Displacement is measured by an LVDT and accel-
eration is measured by an accelerometer mounted on the
table, and velocity is synthesized from the measured
displacement and acceleration.>’ The TVC consists of a
three-variable feed-forward controller (TVC-FF) and a
three-variable feedback controller (TVC-FB). The TVC-
FF is employed to expand the frequency bandwidth of the
acceleration closed-loop system by tuning three feed-
forward gain parameters K,,, K,,, and K, and the TVC-
FB is used to improve stability of the EHST by increasing
the damping ratio using three feedback gain parameters
K, K,r, and Kgr. The largest E-defense shaking table in
Japan was constructed to experiment with life-size build-
ing and infrastructural system in real earthquake condi-
tions by employing the TVC as a basic controller.®!
Wang’® employed an acceleration feedback controller
to improve stability of pneumatic actuator systems. In
order to reduce the number of tuned parameters of the
TVC-FF and obtain a better tracking accuracy, a feed-
forward inverse model of a position closed-loop system
was designed instead of the TVC-FF.>*> A dynamic pres-
sure feedback method was employed to increase the
damping ratio of the EHST in modal space controller and
a better dynamic performance may be expected in the
literature.®’

Feed-forward inverse model controller

Insorderstorobtainsasreasonablesacceleration waveform
replication accuracy on the EHST, acceleration output

responses on the EHST must match desired acceleration
command signals. The EHST dynamic system consists of
a proportional—integral-derivative (PID) controller, the
TVC, servo-valves, hydraulic actuators, shaking table, spe-
cimen, and possibly uncertainties. Hence, how to accu-
rately estimate position and acceleration closed-loop
transfer functions of the EHST and design their inverse
transfer functions is a critical issue. There are also several
common identification algorithms to estimate transfer
function models of the EHST such as H1,40 a recursive
least-squares (RLS) algorithm,”'7* recursive extended
least-squares (RELS) algorithm,'®1-21:3537.74.75 4 4aptive
inverse identification algorithm based on least-mean-
square (LMS) algorithm,?*’¢ a state-space model,**™**
genetic algorithm,”” adaptive robust control.”® Ozcelik
et al.”’ employed an identification method based on the
measured hysteresis response for a NEES-UCSD shake
table mechanical system. Vasilis et al.*” presented a dis-
crete cosine transform LMS algorithm to estimate the
acceleration closed-loop transfer function for shaking
tables.

The feed-forward inverse model of position and accel-
eration closed-loops can be obtained by inverting the iden-
tified transfer function model or derived forward model and
directly identifying the inverse model using experimental
input—output data set.*® However, the estimated discrete-
time transfer function model of the EHST is a nonminimum
phase (NMP) system and its direct inverse model is
unstable and cannot be employed as an FIMC. In order to
overcome the problem, an adaptive finite impulse response
was employed to design the FIMC in practical applica-
tions,?>’® a zero-order Taylor series approximate inverse
technique was employed to synthesize a feed-forward
inverse model,®!*? and a stable approximate inverse model
is designed for NMP systems in the literature.®® Chen*®
selected three different compensation methods including
an improved inverse compensation method in order to
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minimize the effect of actuator delay for real-time testing.
An acceleration closed-loop model and its inverse model
design method is shown in Figure 5, where G,(z) is an
actual acceleration closed-loop including the coordinate
controller shown in Figure 3 and the TVC shown in Figure
4, G,(z) is an identified discrete transfer function of the
acceleration closed-loop, AG, describes the difference of
the estimated system model G, (z) from the actual plant
G,(z), caused by noise, un-modeled dynamics, and nonli-
ngaﬁties,“ the relationship G,(z) = G,(2)(1 + AG,), and
G, (z)is the inverse model of the G, (z). A stable FIMC of

a
the identified transfer function was given by

N
G;' () = 2ue )AE) )
Bu(2)Bi (1)
where 4 (z) is a denominator polynomial that contains all the
acceleration closed-loop system poles, which is defined by
A(z) =2" + a2V + ... + a,, B(z) is a numerator poly-
nomial and can be decomposed into B, (z) and B, (z), in which
B,(z) contains all plant minimum phase zeros and B, (z) con-
tains all NMP zeros, which are defined by B, (z) = bgp+
bap-1)27™V + ... + bao and By (2) =bug2’ + by(g-1)29" "+
... + by, respectively. Parameters in 4(z) and B(z) can
be identified by the RELS algorithm 1and z' is the time
delay for physical realizability of G (z).

In order to obtain accurate acceleration tracking perfor-
mances, an FIMC of the EHST was employed to cancel out
dynamic characteristics of shaking tables in the litera-
tures” ' 8720:22:34.35.37.39.44 b cause the FIMC can expand the
frequency bandwidth of the acceleration closed-loop sys-
tem without changing its stability.®* Lee et al.>® employed
an acceleration inverse transfer function of a shaking table
to cancel out its dynamic characteristics. Della and Griind-
ling®> designed a cascade of compensator based on an
inverse model controller to attenuate a shaker structural
resonance and obtain an asymptotic reference tracking.®’
Shen et al.?! proposed an equivalent principle between a

TVC-FF and a position closed-loop inverse model to
reduce tuned parameters of the EHST. Gizatullin and
Edge™ designed an FIMC to expand the frequency band-
width of the acceleration closed-loop system for a multiaxis
hydraulic test rig. Shen, Zhao and Tang designed the FIMC
of acceleration,'®!%:21-86 position,35’37 and force”7>:%7
closed-loop systems using a zero magnitude/phase error
tracking technology for the EHST and an electrohydraulic
control loading system, respectively. A block diagram of
the FIMC for the EHST is shown in Figure 6(a), and the
acceleration tracking error with the FIMC is given by

e (k) =(14+AG,) r,(k) + n(k) — ro(k)=r.(k)AG, + n(k)
(5)

As can be seen from the aforementioned equation, the
acceleration waveform replication accuracy is improved
due to the FIMC. Although the FIMC can yield a better
acceleration waveform replication accuracy, the EHST
acceleration output responses may not perfectly replicate
a desired acceleration command signal due to system
uncertainties and an estimated modeling error AG, in the
EHST. In order to cancel out the system uncertainties and
minimize the effect of the modeling error, various compen-
sation approaches have been proposed. Vaes et al.*** pre-
sented a robust multi-input multi-output (MIMO) controller
based on pu-synthesis to cope with uncertainties of a
designed nominal model and system nonlinearities of an
electrohydraulic tractor vibration test rig. Uncertainties of
an electrodynamic shaker was explicitly taken into account
and an adaptive filter based on the Hoo filtering was
employed in the literature.** Shen et al.'"®!? employed two
modeling error compensators to improve acceleration
tracking dynamic characteristics of the EHST shown in
Figure 6(b) and (c), respectively. A modified internal
model controller’***¥° shown in Figure 6(d) and a real-
time feedback controller with gain K,>%*'** were intro-
duced to cancel out system uncertainties and minimize the
effect of a modeling error. Acceleration tracking errors
with two modeling error compensators shown in Figure
6(b) and (c) and the internal model control (IMC) shown
in Figure 6(d) are given by

eq(k) = (1 = B1)AGur.(k) — ﬁlra(k)(AGa)z +n(k) (6)

ealk) = PG, G, (2)ra(k) + B(G,  (2)AG,) ra(k)
— G, (2)AG,ra (k)

(7
1+ AG, 1—
eq,(k) = SL)(TG)FG( ) +1—|—T06Gn(k) — ra(k)
1 —
_ HTA“GH(ra(k)AGa +n(k)) (®)

respectively. As can be seen from the aforementioned equa-
tions, the acceleration waveform replication error is
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Figure 6. Feed-forward inverse model controller and its improved controllers: (a) the FIMC, (b) and (c) combined the FIMC and
different MECs, and (d) combined the FIMC and the IMC. FIMC: feed-forward inverse model controller; IMC: internal model control;

MEC: modeling error compensator.

decreased due to the improved internal model controller
and modeling error compensators.

Off-line iterative controller

OIC has become an essential method in structural testing, auto-
motive, and seismic testing applications,>2%->436:40-44.67.90-93
The OIC based on the inverse model of a measured fre-
quency response function of the EHST was a current indus-
try practice approach to improve the acceleration
waveform replication accuracy.*' Various commercial
packages, including MTS’s remote parameter control,®”-*°
iterative transfer function compensation,>°' Spectral
Dynamics’ JAGUAR MIMO waveform replication,”* and
so on, have been employed to compensate the EHST
dynamic characteristics. Some main characteristics of the
OIC were summarized in the literatures.>*> A schematic
diagram of the OIC and its improved scheme in the litera-
ture*' are shown in Figure 7(a) and (b). Experimental
results showed that the improved iterative control scheme
resulted in a reduction of the acceleration tracking error
compared with the conventional off-line iterative control
acting alone, and for the same level of tracking accuracy,
the number of iterations required to the conventional off-
line iterative control was reduced from 7 to 3.*! In order to
improve the control performance of an electrodynamic
shaker, a real-time feedback controller with its gain K, was
added to the feedback controller.** Figure 7(c) shows a
combined iterative control scheme®> when the conven-
tional off-line iterative control is augmented with a modi-
fied IMC and a real-time feedback controller K;. In Figure
7(c), the improved IMC is introduced by tuning gain
2(0 < a < 1) to minimize the effect of AG,. The accelera-
tionsoutputssignalyz (k)rof the:EHS Tris disturbed by mea-
surement noise n(k). In the combined control scheme,

acceleration tracking errors in the jth iteration with differ-
ent iterative controllers in Figure 6(a) to (d) are given by

e/(k) =[1 — B/(1 + AG,)]e’ " (k) 9)
e/(k) = [1 — p/(1+ AG,)]|Se’ ' (k) (10)
¢= {1 —F 11:aAACga]S€j_] (b

respectively, where S = (1+AG,)/(Ky(1+ AG,)+
1 + oAG,) denotes the sensitivity function of the closed-
loop system. As can be seen from equations (9) to (11), the
modeling error AG, is an uncertainty factor only to influ-
ence the acceleration waveform replication accuracy.
Therefore, combined iterative controllers shown in Figure
7(b) and (c) can accelerate convergence rate and reduce the
acceleration steady-state error.

Online adaptive controller

Off-line FIMCs and iterative controllers present the follow-
ing specific disadvantages for the EHST system:

e In order to obtain a better acceleration waveform
replication accuracy on the EHST, the transfer func-
tion model and its inverse model of the acceleration
closed-loop system must be accurately estimated
and designed, respectively, and the EHST needs
repetitive excitations. However, repetitive excita-
tions will break the specimen before it is subjected
to the desired excitation level.**

e The estimated inverse model is usually considered
as time invariant and linear, but dynamic character-
istics of the EHST may be changed during real-time
testing. However, OICs are strongly influenced by
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Figure 7. Off-line iterative control scheme and its improved methods: (a) a conventional iterative controller,*' (b) combined iterative
controller using an off-line feed-forward inverse model controller and a real-time feedback controller,*' and (c) combined the
conventional iterative controller and an improved IMC.3¢ IMC: internal model control.

the specimen dynamics, which are nonlinear and of
high order.’

e A real-time online iterative compensation method
using inverse frequency response function may not
be satisfied in the EHST system due to the computa-
tional burden of the fast Fourier transform and its
inverse fast Fourier transform.

e The iterative rate of convergence and the accelera-
tion waveform replication accuracy are closely
related to the measurement and identification accu-
racy of the inverse model.

Hence, off-line compensation controllers, including OICs
and FIMCs, and their improved methods cannot be applied
in these nonlinear cases, and these shortcomings may be
remedied by using an online adaptive controller in the EHST
in which parameters of varying dynamics are simultaneously
adapted. Some investigators turn to adaptive and intelligent
control methods from off-line compensation controllers.
These adaptive and intelligent control methods include
AIC,1821:22.33.35,37.44-48 )\ [g 2,18,37.40.49-53 AN 2728
APC,ZO’32 AHC,54_56 and so on.

AIC based on the LMS algorithm was first proposed by
Widrow and Walach,”” and it has been successfully
employed in the EHST.'8:21:22:33.35.37.4448 g5 me AIC
approaches were employed for acceleration tracking con-
trol because payload dynamics are unknown and may
change frequency characteristics of the EHST. Karshenas

et al.** employed an AIC algorithm for shock testing on a
shaking table. Vasilis et al.*’ presented a novel AIC frame-
work with the LMS algorithm for accurate acceleration
waveform replication in shaking tables, and the accelera-
tion closed-loop transfer function was estimated by a dis-
crete cosine transform LMS algorithm. Salehzadeh et al.”®
employed AIC for vibration test products, and they pre-
sented that the AIC approach was a suitable control tech-
nique in a nonlinear application such as vibration testing.
An AIC scheme for the EHST system is shown in Figure
8(a), and other adaptive inverse controllers including
filtered-X LMS, error-filtered, and inverse model LMS are
shown in Figure 8(b) to (d), respectively, where the control-
ler C(z) is online tuned by the LMS algorithm using the
reference acceleration waveform input and its tracking error
ea(k) defined by ea(k) = da(k) _ya(k) = ra(k)M(Z)_
vaq(k), in which M (z) is a reference model of the adaptive
controller. The LMS algorithm for updating weights in the
negative instantaneous gradient is given by

wir1(k) = wi(k) + deq(k)rq(k)

where A is the iterative step size and w(k) is the online adaptive
weight defined by w(k) = [wo(k), w1 (k), ... ,wn_1(k)]".
The output signal of the adaptive controller to the EHST can
be expressed as

(12)

(13)
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Figure 8. Adaptive controllers for the EHST: (a) LMS, (b) filtered-X LMS, (c) error-filtered LMS, (d) inverse model LMS, and (e) MCS.
EHST: electrohydraulic shaking table; LMS: least-mean-square; MCS: minimal control synthesis.

The MCS algorithm was originally developed by Stoten
and Benchoubane®” as an extension to the model reference
adaptive control algorithm. The MCS is widely used in elec-
trohydraulic servo systems including the EHST *!8-37:40:49-53
A block diagram of the MCS structure is given in Figure 8(b).
Control law of the MCS algorithm is chosen as the time-
dependent state feedback strategy

u(t) = Ke(t)ra(t) + K(t)ya(1)

where the feedback gain K € R” and the feed-forward gain K,
are scalars, which are expressed as K(¢) = fé oye4(T)
yI(r)dr + Bsyl(r)  and  K.(t) = [yored(T)ra! (T)dT+
Bs74T (), in which 7 is the reference vector and o; and f3;
are the integral weighting matrix and the proportional weight-
ing matrix, respectively; they are usually tuned empirically and
also the initial conditions are usually set to zero.*’

(14)

Combined controller

Itvisswellsknownsthatsthesesadaptivescontrol algorithms
reviewed in “Online adaptive controller’ section are popular

approaches for the EHST system. However, these adaptive
algorithms have their own advantages and disadvantages:

e High-quality waveform replication accuracy can be
obtained after converging to their optimal solution.
It is possible to exhibit poor transient response when
it is initiated, especially, when the frequency band-
width of the desired acceleration signal exceeds the
frequency bandwidth of the acceleration closed-loop
system of the EHST system.

Thus, there have been numerous attempts to improve the
convergence rate of these adaptive control methods using
some appropriate modification methods. Some combined
control strategies were used to improve the tracking accu-
racy and the convergence rate in the EHST. Hessburg and
Krantz** used an inverse model compensation combination
with a TVC-FB to ensure stability of an EHST. August and
Daniel®® used a priori knowledge about the plant and split a
controller into a long fixed part and a short adaptive part.
The controller can be made more efficient by feeding back
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Figure 9. Combined controller for the EHST: (a) adaptive inverse controller,”® (b) 2-DOF controller based on AIC and a real-time
feedback controller,** (c) combined feed-forward inverse model and AIC based on the RLS,* (d) feed-forward inverse model and a
velocity MCS,** (e) combined MCS with a feed-forward inverse model,?” and (f) hybrid controller combined the FIMC and the AIC
based on LMS taken modeling error into consideration.'® EHST: electrohydraulic shaking table; DOF: degree-of-freedom; AIC:
adaptive inverse control; RLS: recursive-least-squares; MCS: minimal control synthesis; FIMC: feed-forward inverse model con-

troller; LMS: least-mean-square.

the error signal only in a desired frequency range, which is
shown in Figure 9(a). Uchiyama et al.** developed a
filtered-X LMS adaptive algorithm based on Ho filter and
a 2-DOF controller for an electrodynamic shaker, which is
shown in Figure 9(b). Shen et al.> proposed a combined
control strategy for the EHST, which combined merits of
an off-line feed-forward inverse model and an online adap-
tive inverse controller based on RLS algorithm because the
conventional LMS has slow convergence rate and poor
regulation accuracy, and the combined controller is shown
in-Figure:9(c)=Gizatullin-and-Edge>’-combined an inverse
model with a velocity MCS (vMCS) for a multiaxis

hydraulic test rig, which is shown in Figure 9(d). The
vMCS controller cascaded the overall dynamic of the
EHST, and an approximate inverse model of the controlled
EHST as a feed-forward compensator was used further to
enhance the performance of the multiaxis hydraulic test rig.
Shen et al.*” proposed a combined controller, which com-
bined merits of the feed-forward inverse model and the
MCS to improve the position tracking accuracy of the
EHST, and its integrated controller framework is shown
in Figure 9(e). Shen et al.'® proposed a hybrid controller
shown in Figure 9(f), which employed an online AIC based
on LMS to obtain a high accuracy of the acceleration
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Figure 9. (Continued).

waveform after dynamic characteristics of the EHST have
been improved using the TVC and the FIMC based on a
modeling error compensator, which combines merits of the
off-line FIMC and the online AIC.

However, the convergence performance of these com-
bined controllers shown in Figure 9 will be directly related
to the phase bandwidth of the acceleration closed-loop of
the EHST."® If the frequency range of an acceleration com-
mand signal is larger than the phase bandwidth (—90°
responding to frequency) of the controlled EHST, these
reviewed adaptive controllers shown in Figures 9 and &
will search in a wrong direction and finally diverge.” The
convergence rate and divergence condition of the LMS
algorithm were given in the literatures.'’'°" An unavoid-
able presence of a transfer delay during acceleration trans-
mission in shaking tables*’ and the phase delay of the
acceleration closed-loop system is one of the very impor-
tant factors impacting the convergence rate of the LMS
algorithm'®*” because electrohydraulic actuators and
servo=valvespofithepsEHSTrhaveganginevitable delay in
response to command signals due to inherent dynamics of

electrohydraulic servo systems, which bring some bad
effects on the convergence rate of adaptive controllers.*®
To solve the issue, various phase delay compensators have
been presented.'> % An adaptive controller based on a
backstepping design method was proposed by Mahnaz'%
for a class of MIMO nonlinear systems with consideration
of bounded time delays. An uncertain transport delay time
in the transmission of an electrohydraulic servo-valve con-
trol system was presented, and a delay time variation can be
effectively predicted and unconditionally removed.'®’
Hence, a combined controller based on the LMS and an
advanced delay compensation method*” would produce
very powerful techniques in the EHST.

Simulation evaluation analysis of main
reviewed controllers

Simulation evaluation analysis for these reviewed control-
lers is performed in the section to verify whether these
controllers can improve control performances and tracking
accuracy of the acceleration waveform replication on the
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Table I. Performances comparison of main reviewed controllers.

Rank Controllers A B C D References

I TVC (Figure 4) No - No No 2,18-20.30-36

2 FIMC (Figur‘e 6(2)) No _ No No 9,18-20, 22, 34, 35,37, 39, 44
3 FIMC + MEC (Figure 6(b) and (c)) Yes - No Yes 18,1942, 43

4 OIC (Figure 7(a)) No No No No 2:20.34.36:40-44

5 Improved OIC (Figure 7(b)) Yes Yes No Yes 4

6 Combined OIC (Figure 7(c)) Yes Yes No Yes 36

7 F-X LMS (Figure 8(a)) No No No No 18:21,22,33,35,37,44-48
8 e-F LMS (Figure 8(b)) Yes Yes Yes No 18.95

9 MCS (Figure 8(e)) No Yes Yes No 25.18,37.40, 49-53

10 FIMC + LMS (Figure 8(d)) Yes Yes Yes No 18.35

I FIMC + MCS (Figure 9(e)) Yes Yes Yes No 37

12 FIMC + LMS + MEC (Figure 9(f)) Yes Yes Yes Yes 18

TVC: three-variable controller; FIMC: feed-forward inverse model controller; MCS: minimal control synthesis; MEC: modeling error compensator; OIC:
off-line iterative controller; LMS: least mean square; A: high-fidelity replication accuracy; B: convergence rate; C: real-time compensation; D: cancel out

modeling error.
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Figure 10. Comparison results of reviewed 12 controllers: (a) ISE (dB), (b) RMS (%), and (c) acceleration waveform tracking errors (%).

ISE: integral of square error; RMS: root mean square.

EHST system. Advantages, drawbacks, and their refer-
ences of reviewed 12 controllers are listed in Table 1. In
order to evaluate performances of 12 controllers, simula-
tion is carried out using the EHST model presented in
section “Dynamic model of the EHST.” A random accel-
eration reference signal with the frequency range of 0-20
Hz is employed to excite the nonlinear model shown in
equation (1), and Figure 10(a) displays convergence results
of an integral of square error (ISE, in dB). In order to

quantitatively compare the acceleration tracking error of
reviewed 12 controllers, a root mean square (RMS, in %)
error is employed and is given by

N N
RMS (Xin 1, Xoutis N ) = 4| D Woui = Xinil /| D X2,
i=1 i=1

(15)
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where N is the length of reference and output signals; X oy,
and X, ; are the reference and output signals, respectively.
Figure 10(b) shows RMS comparison results of reviewed
12 controllers. A real-time acceleration waveform tracking
error with three different standards including at ¢t = 0.1 s,
t = 105, and max(|r(¢) — y(¢)|/7(t) may) 1S used to evaluate
the convergence performance and tracking ability of
reviewed 12 controllers. Figure 10(c) shows comparison
results of real-time waveform error of reviewed 12 control-
lers. It can be seen that the ISE, the RMS, and the real-time
waveform error are reduced, and system dynamic response
has been much improved:

e The maximum ISE reduces from 5 dB with the conven-
tional TVC controller to —55 dB with the combined
OIC shown in Figure 7(c), and to —45 dB with the
combined controller with the FIMC + LMS + model-
ing error compensator (MEC) shown in Figure 9(f).

e The maximum RMS error reduces from 9.26% with
the conventional TVC controller to 2.45% with the
combined OIC shown in Figure 7(c), and to 0.11%
with the combined controller with the FIMC +
LMS + MEC shown in Figure 9(f).

e The acceleration waveform error at = 10 s reduces
from 74.23% with the conventional TVC controller
to 3.1% with the combined OIC shown in Figure
7(c), and to 4.5% with the combined controller with
the FIMC + LMS + MEC shown in Figure 9(f).

e The acceleration time waveform error at t = 0.1 s
reduces from 94%, 99.95%, 73.98%, 78.98%, and
84.56% to 10.08%, 29.43%, 40.38%, 18.16%, and
4.5% with different controllers, respectively.

Experimental setup of the EHST

An experimental EHST is shown in Figure 11. Specific para-
meters of the EHST are listed in Table 2. The EHST is con-
trolled by six-DOF using eight servo-valves (G761-3004)
manufactured by Moog Inc., Springfield, Pennsylvania,
USA, with a 38 L/min flow capacity at 7 MPa supply pres-
sure, and eight hydraulic actuators with 70 mm bore, 50 mm
rod and their strokes + 0.1 m, maximum velocity of 0.5 m/s,
maximum acceleration of 2 g without payload, platform size
2 x 2 m?, effective mass of 4 tons, and the acceleration
frequency bandwidth of the EHST is in the range of 0-60
Hz with the TVC. Figure 12 is a schematic diagram of the
EHST control system, in which eight LVDTs are attached to
eight hydraulic actuators to measure their feedback displace-
ments, and six-DOF acceleration output responses are mea-
sured by eight accelerometers mounted on the platform on the
direction of each actuator. Reviewed controllers are per-
formed in an xPC target system on the target computer. Drive
signals are converted to analog signal by two D/A boards
ACL-6126 and sent to eight servo-valves. Feedback signals
includingdisplacementsyaccelerationsyand pressures are col-
lected by two A/D boards PCI-1716.

Figure | 1. Experimental six-DOF EHST system. DOF: degree-
of-freedom; EHST: electrohydraulic shaking table.

Table 2. Main parameters of the EHST.

Parameters Values

Platform size I.5 x 1.5 m?

Platform weight 2000 kg

Payload 4000 kg

Maximum displacement X: +£100 mm; Y: + 100 mm;
Z: +100 mm

X:0.5 m/s; Y: 0.5 m/s; Z: 0.5 m/s
X+t2gY +2g7Z +2¢g
0-60 Hz

X, Y, Z,R, Ry, R,

16 Mpa, 400 L/min

Maximum velocity
Maximum acceleration
Work frequency

DOF

Power supply unit

EHST: electrohydraulic shaking table; DOF: degree-of-freedom.

Experimental evaluation analysis of main
reviewed controllers

Dynamic model verification

The open-loop dynamic model of the EHST is shown in
equation (1), and magnitude and phase frequency character-
istics of model and experimental results are shown in
Figure 13(a) and (b), whose simulation parameters are listed
in Table 3. It can be noticed from Figure 13 that the hydraulic
open-loop model is able to match the actual model
satisfactorily."

Coordinate controller

Figure 14(a) and (b) show comparisons of differential pressure
of eight hydraulic actuators with a condition of with and with-
out the PSC, from which it can be observed that internal cou-
pling forces of four actuators in the horizontal direction are
decreased from 7MPa (supply oil pressure) to 0.3MPa and
differential pressures of actuators in the vertical direction are
relatively homogeneous. Experimental tuned parameters for
the decoupling controller are listed in Table 4.
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Figure 12. Schematic diagram of control system for the EHST.
EHST: electrohydraulic shaking table.

Three-variable controller

To verify effectiveness of the TVC used in the EHST, a
series of experimental tests on position and acceleration
tracking control with the PID controller and the TVC have
been carried out using 0.01 m position step signals, whose
experimental results are shown in Figure 15. It can be seen
from Figure 15 that the position tracking performance is
significantly improved by using feedback gains K,r, Kgr,
and K, of the TVC-FB. Figure 16 presents acceleration
frequency characteristics with the condition of with and
without the TVC.' It can be seen from Figure 16 that the
TVC-FF expands the frequency bandwidth of the accelera-
tion closed loop from 25 Hz to 50 Hz in magnitude and
from 12 Hz to 30 Hz in phase. Tuned main experimental
parameters of the TVC are listed in Table 5.

Model identification and its inversion design

Figure 17(a) shows the comparison of frequency character-
istics of the acceleration closed-loop transfer function
between the actual and the estimated models in time
domain, from which it can be seen that the estimated accel-
eration signal can match the desired acceleration command
signalysatisfactorilysFiguresl7(b)rands(e)presents the com-
parison of frequency characteristics of acceleration closed-

Figure 13. Comparison of open-loop model frequency charac-
teristics between the hydraulic actuator and the actual EHST'?:
(2) magnitude and (b) phase. EHST: electrohydraulic shaking table.

Table 3. Simulation parameters of the EHST.

Parameters Values Parameters Values

A, 1.88 x 10* m? m, 500 kg

B, 25000 Ns/m v, 0.96 x 1073 m?
Cep 4.6 x 1077 m%/(s/Pa) wh 32Hz

Cp 4.6 x 1077 m%/(s/Pa) Wy 100Hz

Kq 0.00145 (m*/s)/V & 0.35

K. 2 x 107" m%/(s-Pa) = 0.7

Ky, 4 m¥/sIA e 6.9 x 108 Pa

EHST: electrohydraulic shaking table.

loop transfer function between the actual, estimated, and
designed inverse models, and Figure 17(d) and (e) presents
frequency characteristics of the measured and the identified
modeling errors, which indicated that the designed inverse
transfer function can effectively compensate the actual
acceleration closed-loop system in the interesting fre-
quency range, and the identified modeling error can match
the measured modeling error satisfactorily.'”

Feed-forward inverse model controller

Experimental acceleration frequency characteristics using
TVC, combination of TVC and FIMC, and combination of
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Figure 14. Coupling internal force of the redundant EHST:
(a) without and (b) with the internal decoupling controller.
EHST: electrohydraulic shaking table.

Table 4. Tuned parameters for the internal force decoupling
controller.

LVDT zero Without the  With the
Actuators PSC gains  offset (V) PSC (MPa)  PSC (MPa)
X| -0.03 0.03 —7.35 —0.1
Xa —0.03 —0.05 6.93 -0.17
¥ —0.05 —0.04 7.06 0.02
%) —0.05 0.05 —7.58 0.06
z) —0.04 —0.02 0.88 -2.61
Z, —0.03 0.09 —7.43 -3.85
Z3 —0.04 0.0l —6.56 -3.1
Z4 —0.02 —-0.03 0.69 —2.66

PSC: pressure stabilizing controller; LVDT: linear variable differential
transformer.

TVC, FIMC, and modeling error compensator are shown in
Figure 18(a). As shown in the Figure 18(a), acceleration
frequency characteristics with the TVC 4+ FIMC perform
better than that only with the TVC, and acceleration fre-
quency characteristics can be further improved with the
TVC + FIMC + MEC."

Off-line iterative controller

Inyordentowverifysthereffectivenessiofithe OIC, an accelera-
tion random command signal with the frequency range of

Figure 15. Experimental results excited by position step signals
(a) without and (b) with the TVC-FB controllers. TVC-FB: three-
variable feedback controller.
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Figure 16. Acceleration frequency characteristics with and
without the TVC-FFs: (a) magnitude and (b) phase. TVC-FF:
three-variable feed-forward controller.
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Table 5. Experimental parameters of the tuned TVC.

Parameters Values Parameters Values Parameters Values Parameters Values
Ker 0.025 Kar 0.00053 Kgr 24.5 K, 0.84
Kar | Ky | &, 0.7 Wh 3.14 rad/s
TVC: three-variable controller.
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Figure 17. Comparison of the measured, identified, and designed inverse models: (a) acceleration output of the actual and identified
models; acceleration closed-loop system frequency characteristics of the measured and identified models: (b) magnitude and (c) phase;
acceleration modeling error frequency characteristics of the measured and identified models: (d) magnitude and (e) phase.

0—-12 Hz was used to excite the nonlinear dynamic model in
equation (1) and its dynamic characteristics are shown in
Figure 13. Figure 19 displays an ISE iterative results. It can
be seen that system dynamic response has been improved a
lot, especially, the mean square error reduces from
—35dBawithsthesconventional,OI€ top—65dB with the
improved iterative controller, as shown in Figure 7(c). To

demonstrate the performance of the acceleration waveform
replication using Figure 7(c), the conventional OIC is con-
ducted without the real-time feedback controller K, and the
improved IMC is carried out as a comparison. Figure 20(a)
and (b) depict the acceleration tracking error of the con-
ventional and the improved OICs shown in Figure 7(c) after
each iteration with 30 Hz sine acceleration input, and the
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Figure 18. Experimental results of acceleration frequency char-
acteristics with different compensators including the TVC, the
TVC + FIMC, and the TVC + FIMC + MEC with #;, = 0.3 (a)
magnitude and (b) phase. TVC: three-variable controller; FIMC:
feed-forward inverse model controller.
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Figure 19. Simulation comparison of iteration results with dif-
ferent OICs: (a) the second iteration mean square error with the
conventional iterative control shown in Figure 7(a) and its gain is
0.2, (b) the second iteration mean square error with the improved
iterative control scheme shown in Figure 7(b) and its gain is 0.2,
(c) the first iteration mean square error with the improved
iterative scheme shown in Figure 7(c) and its gain is 0.3, (d) the
second iteration mean square error with Figure 7(c) and its gain is
0.2, and (e) the third iteration mean square error with Figure 7(c)
and its gain is 0.1. OIC: off-line iterative controller.

time domain response of two controllers after the third
iteration is shown in Figure 20(c) and (d). As can be seen
from Figure 7(c), the OIC exhibits a higher tracking accu-
racy than the conventional controller. Figure 20(e) presents
thesRMS-error-of Figures7(a)sands(e)safter each iteration
with sine input signal. As can be seen from Figure 20(e),

the RMS error of Figure 7(a) after three iterations is
24.61%, 11.35%, and 11.05%, respectively, while that of
Figure 7(c) is 15.56%, 5.32%, and 5.16%, respectively. It
can be noticed that to reach the same tracking accuracy, the
iterations needed are greatly reduced with Figure 7(c).

AIC and its combined controller with the FIMC

Experimental results of the acceleration waveform replica-
tion using five adaptive algorithms: (a) the LMS, (b) the
filtered-X LMS, (c) the error-filtered LMS, (d) the com-
bined controller based on the FIMC and the LMS, and (e)
the hybrid controller shown in Figure 9(f) with 5, = 1 are
compared. Figure 21(a) to (e) shows comparison of the
experimental results of the acceleration command signals
and the measured acceleration output signals using these
five adaptive algorithms with different sine signals. Figure
21(g) to (k) shows the comparison of experimental results
of acceleration command signals and measured accelera-
tion output signals using these five adaptive algorithms
with the frequency range of 2—40 Hz random signal. Figure
21(f) shows comparison results of integral time-weighted
absolute error (ITAE) with these five adaptive algorithms
shown in Figure 21(a) to (e). Figure 21(1) shows frequency
characteristics of the acceleration closed-loop system using
these five adaptive algorithms shown in Figure 21(g) to (k).
Consequently, experiment results in Figure 21(a) to (1)
show that the hybrid controller shown in Figure 9(f) yields
a more remarkable improvement in the EHST system, com-
pared to the other controller. So, it can be concluded that
the hybrid controller shown in Figure 9(f) is effective in the
acceleration waveform replication and meets the experi-
mental requirement of the EHST.

MCS and its combined controller with the FIMC

Comparisons of the position command and the measured
displacement output with the traditional PID controller, the
MCS, and the FIMC + MCS are shown in Figure 22(a)-(c),
respectively, which are excited by the frequency range of
0-15Hz random signals. As can be seen from Figure 22, the
acceleration tracking waveform performance with the FIMC
+ MCS can be greatly improved compared to the condi-
tional PID controller and the MCS alone. Frequency
response characteristics of the EHST position closed-loop
system with the FIMC + MCS and the PID controller are
compared in Figure 22(e). Comparison of experimental
results show that the frequency bandwidth of the position
closed-loop system in the EHST already increased up to
40 Hz according to the —100° phase condition.

Combined controller with the FIMC and
the adaptive RELS

Comparison of the position command and the measured
position output in time domain excited by a random signal
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Figure 20. Experimental results of acceleration tracking error with sine input after each iteration: (a) conventional pure off-line
iterative control shown in Figure 7(a) and (b) improved OIC shown in Figure 7(c); acceleration output responses with sine input after
each iteration: (c) and (d) are conventional OIC shown in Figure 7(a) and improved OIC shown in Figure 7(c), and (e) acceleration RMS
error after each iteration with sine input signal. OIC: off-line iterative controller; RMS: root mean square.

with the frequency range of 0-20 Hz using the traditional
PID controller, PID with feedback compensation, the
FIMC, and the FIMC + RLS shown in Figure 9(c) is shown
in Figure 23(a), and comparison of acceleration output
responses using the FIMC + RLS is shown in Figure
23(b). It can be seen from Figure 23 that the position and
the acceleration tracking performances with the FIMC +
RLS are more satisfactory than those with the PID control-
ler, the PID with feedback compensation, and the FIMC.

Concluding remarks

A number of control techniques have been investigated
extensivelypingrecentpyearsptopimprovesthe acceleration
waveform replication accuracy on EHSTs. In the article,

an experimental EHST and its nonlinear model are estab-
lished to verify acceleration tracking control performances
of these reviewed controllers. Different controllers have
been addressed including the PID controller, the TVC con-
troller and its improved controllers, the FIMC and its
improved controller combined with modeling error, and
adaptive controllers and their combined controllers. To
compare control performances of these controllers, a num-
ber of experiments are carried out on an actual EHST sys-
tem. From these simulation and experimental results of the
acceleration waveform replication, the following conclu-
sions can be made:

1. A coordinate controller is the most important con-
troller to decouple the internal coupling force in the
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Figure 21. Experimental results of different adaptive controllers with different acceleration reference signals: (a) LMS with 30 Hz sine,
(b) filtered-X LMS with 30 Hz sine, (c) error-filtered LMS with 30 Hz sine, (d) combined the FIMC and the LMS with 45 Hz sine, (e) the
hybrid controller shown in Figure 9(f) with 45 Hz sine, (f) ITAE for different AICs with different reference signals, (g) LMS, (h) filtered-X
LMS, (i) error-filtered LMS, (j) combined the FIMC and the LMS, (k) the hybrid controller shown in Figure 9(f) with the frequency range
of 2—40 Hz random signal, and (I) frequency characteristics of Figure 21(g) to (k). LMS: least-mean-square; FIMC: feed-forward inverse
model controller; AIC: adaptive inverse control; ITAE: integral time-weighted absolute error.

redundant EHST because geometric effects, different
parameters, and installation error of the eight actuators
cancausethe EHST-cannot:woerksnormally. Hence, the
coordinate controller, including the transform matrix,

the PSC, and the PID controller, of the redundant
EHST must be designed and tuned first.

The most popular controller applied in the EHST is
a PID controller, but it can only improve the
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combined controller based on the FIMC
acteristics using the PID and the FIMC +
MCS: minimal control synthesis; FIMC:
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Figure 23. Experimental results of the position and the accel-
eration tracking control with different controllers: (a) the position
tracking with the PID controller, the PID with the acceleration
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+ RLS and (b) acceleration output responses with the FIMC +
RLS. PID: proportional-integral-derivative; FIMC: feed-forward
inverse model controller; RLS: recursive-least-squares.

acceleration waveform replication accuracy in a
very limited range because hydraulic position servo
systems regularly exhibit a poor damping ratio and
a lower frequency bandwidth. A compensated PID
controller using the velocity and the acceleration
feedback compensation can improve the natural fre-
quency and the damping ratio of the EHST.

3. The TVCis a commonly used controller employed in
the EHST because it can expand the frequency band-
width of the acceleration closed-loop system by tun-
ing TVC-FF and increase the damping ratio and
stability of the EHST by tuning TVC-FB. The TVC
is employed in engineering applications including
the largest E-Defense shaking table in Japan.

4. Feed-forward inverse model compensation methods
improve the acceleration waveform replication
accuracy significantly, but a modeling error occurs
between the estimated model and the designed
inverse model with the actual model of the EHST
and system uncertainties; so, some combined con-
trollers, including a modeling error compensator
and an internal model controller, are designed to
solve the problem. Some compensation methods
of-the stableinverse;modelmust;be studied because
the identified model of the acceleration closed-loop

system is a nonminimum phase system and its
inverse model is unstable.

5. Off-line compensation controllers, including the
TVC controller, the FIMC, and the OIC, can yield
a better frequency bandwidth of the EHST using
feed-forward and feedback compensation, but they
cannot adaptively tune parameters to suppress vari-
able dynamic characteristics of the EHST during
real-time testing. Hence, a high-fidelity accelera-
tion waveform cannot replicate on the EHST. Some
adaptive controllers can obtain a high-quality accel-
eration waveform replication after convergence to
their optimal solution, but they are possible to exhi-
bit poor transient response when the frequency
bandwidth of the desired acceleration signal
exceeds the frequency bandwidth of the accelera-
tion closed-loop system.

6. Some combined controllers including FIMC + AIC/
MCS/RLS can accelerate the convergence rate of
these adaptive controllers and improve the accelera-
tion tracking accuracy. These combined controllers
combined the advantages of online adaptive control-
lers, off-line FIMCs, modeling error compensators,
the IMC, time delay compensators, and so on. Com-
bination of these several research areas has given
promising results in a few studies. These combined
controllers can extend to other control systems.

7. The coordinate controller and the PID controller are
tuned first, the TVC-FB is then employed to
improve the stability of the EHST, and the TVC-
FF is then employed to expand the frequency band-
width of the acceleration closed-loop system. A
complete servo controller for the EHST is imple-
mented. The FIMC, the OIC, and their combined
methods can be used to further improve acceleration
frequency characteristics and expand the frequency
bandwidth of the acceleration closed-loop system.
Online adaptive controllers and their combined
methods can be employed finally to obtain a high-
fidelity acceleration waveform accuracy if fixed
dynamic characteristics of the EHST are changed
during real-time testing subjected to disturbances.

Consequently, these reviewed control techniques not
only be utilized for the six-DOF redundant EHST but also
are effective methods for the other closed-loop control
systems.
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