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Various mechanisms have been investigated in the literature for seismic protection of fluid tanks. These
structures play a pivotal role in the integrity, reliability, and safety of strategic industries. Any damage to
fluid tanks can jeopardise these industries and the environment. In this research, a Smart Vertical Isolation
System using magnetorheological dampers for rocking isolation of legged rigid cylindrical fluid tanks under
base excitations has been proposed and investigated. First, dynamic equations of motion for the rocking
rigid fluid tank are developed. Different semi-active classical and an online data-driven adaptive control
technique are then employed to examine the efficacy of the rocking isolation system. Parameters of the data-
driven controller are estimated online in real-time using the Recursive Least Squares approach, which offers
simplicity, robustness against faults, and small memory requirements. Numerical simulations are compared
with experimental investigations to validate the accuracy of the developed dynamic equations and the
performance of the MR dampers and control techniques in mitigating the seismic effects on the examined
fluid tank. The MR dampers and semi-active control strategies proved substantial reductions in the uplift
displacement of the tank as one of the main causes of damage to these structures under earthquakes.

1. Introduction quintuple friction pendulum bearing (QFPB) [12] have been stud-
ied. Other passive systems including tuned flexible absorbers [13],
U-shaped steel strip dampers [14-16], slip friction connectors [17],
resilient slip friction dampers (RSFDs) [18,19], floating roofs [20],
and floating roofs equipped with viscous dampers [21] have been
proposed. In the category of active and semi-active systems, flexible
active floating panels [22,23], active baffle plates and piezoelectric
patches [24,25], and magnetorheological (MR) dampers [26] can be
mentioned, among others. A comprehensive review of such devices
and systems can be found in [27]. The application of MR dampers, as
one of the most famous devices in the category of semi-active control
mechanisms, for vibration control of legged flexible fluid tanks with
fixed base conditions in a horizontal mode was numerically investi-
gated by authors in [28]. Fixity conditions of the tank base to the

Vibrations of fluid and liquid sloshing in partially filled liquid stor-
age tanks either due to the movement of the tank or external excitations
are the focus of different research communities. These structures have
found crucial applications in a variety of industries including civil
structures/infrastructures, nuclear, aerospace, dairy products, water
storage, naval, mechanical, transportation, and wine industries [1,2].
When above-ground upright fluid tanks are excited at their base, mainly
due to seismic excitations, depending on the material type, flexibility
of the tank wall, closure type, and fixity conditions of the tank base,
different types of damage could occur to these structures as discussed
in [3-71].

Various techniques and devices have been investigated in the lit-
erature to reduce the adverse effects of fluid vibrations and sloshing
in fluid tanks. A variety of passive, a series of active, and very few
cases of semi-active control mechanisms have been proposed in the
literature and, in very few cases, tested experimentally for seismic
vibration control of fluid tanks. Base isolators in various forms [8]
including friction pendulum system (FPS) [9], variable curvature fric-
tion pendulum system (VCFPS) [10], multi-phase friction bearing [11],
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ground can be regarded as a spectrum having two extreme ends. At
one end of the spectrum, the tank is fully fixed to the base while at
the other extreme condition, it is unanchored to freely uplift. A series
of seismic protection devices proposed for upright fluid tanks offer a
kind of vertical flexibility, in some cases referred to as vertical rocking
isolation (VRI) [29-31].

When tanks under the base excitations experience uplift, the equa-
tions of motion for the dynamic behaviour of the tank become even
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more complicated than the case that it experiences only lateral vibra-
tions. These equations will be highly dependent on the flexibility of the
tank, whether it is legged or flat-based, and the tank’s base plate uplift
behaviour in the case of flat-based tanks. Pioneering investigations on
the uplift behaviour of fluid tanks include the works conducted by
Veletsos [32], Veletsos and Tang [33], Haroun and Ellaithy [34], Ishida
and Kobayashi [35], and Malhotra and Veletsos [36-38]. Improvements
and modifications in the dynamic modelling of uplift for fluid tanks
were presented by other researchers [39-42]. In these studies, the main
focus is on the modelling of the flexural behaviour of the base plate,
inclusion of the added terms to the fundamental dynamics of the system
based on the lumped parameter model [43-45], and the added stress
levels on the shell [46-49]. In the case of rigid tanks, when the tank
experiences uplift under the base excitations, it will in fact be subject
to rocking motions as a rigid body. The set of equations developed
for such tanks in this section has been inspired by the seminal works
of pioneers and researchers who studied the rocking motion of rigid
blocks [50-57]. Hence, the idea of rocking rigid structures has been
extended to the application of rigid tanks to develop the required
equations and then use them for the purpose of vibration control of
the coupled system. Due to the rigidity of the tank, the whole fluid-
tank system can be modelled as a single lumped mass under a rocking
motion. Thus, using the equations presented for rigid tanks [58], the
equivalent mass, mass moment of inertia, and height of the lumped
mass to the base are calculated. Then, based on the idea of the rocking
motion of rigid bodies, the equation of motion for the rigid legged tank
is developed. To the best knowledge of the author, this set of equations
to represent the dynamic behaviour of such tanks has not been explored
in the literature before.

In practice, many systems in the real world have much more compli-
cated dynamics and behaviour that cannot be modelled using closed-
form representations. Even if the system’s dynamic behaviour can be
modelled there would be other challenges such as a high computational
burden of a substantially complex formula for multi-physics problems
such as fluid tanks for a feasible control application. Additionally,
issues including nonlinearities in the system’s behaviour, degradation of
the system’s properties over time, the system’s time-varying properties
under the applied excitations, and input and output signals’ physical
constraints, among others, render the application of first-principles-
based classical control design impractical and inefficient [59-61]. To
overcome these difficulties and enhance the performance of the control
system, especially in the long run, a new class of control designs termed
Data-Driven Control (DDC) systems come into play. These techniques
are divided into two main categories of indirect or model-based DDC
and direct or model-free methods [62]. In indirect methods, first based
on the observed data a model using system identification techniques is
identified for the system under control. Then, based on the identified
model, the controller is designed. However, in the direct methods, the
system identification step is skipped and the observed data are directly
mapped to the desired control action for the system.

A variety of different direct and indirect DDC methods have been
studied in the literature [63-65]. Model-free Adaptive Control (MFAC),
Iterative Feedback Tuning (IFT), Virtual Reference Tuning (VRF), Itera-
tive Learning Control (ILC), DDC methods based on Behavioral Systems
Theory, can be named among others [62,63]. The PID control technique
is a widely used strategy in most control applications in industry. This
control method may have been the first technique applied in the world
of DDC [63,66]. Here, a data-driven adaptive technique based on the
PID control strategy is used to control the rigid cylindrical legged tank.
Experimental tests over this tank have been conducted in the Structural
Engineering Laboratory of Auckland University of Technology. The
results of these tests will be described in detail in the next chapter and
this subsection is dedicated to the theoretical description of the applied
technique.

Considering the literature reviewed above, application of a smart
flexible adaptive vertical isolation system for rocking motion of fluid
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tanks under base excitations such as earthquakes has not been in-
vestigated comprehensively, neither numerically nor experimentally.
Therefore, a research gap is observed in this field. In this research, a
Smart Vertical Isolation System (SVIS) based on the application of MR
dampers as smart semi-active systems [67-69] for rocking isolation of
the considered rigid legged cylindrical fluid tank under base excitations
has been considered. MR damper forces are then incorporated in the
developed equations of motion for the system and finally, a set of
transfer functions are obtained for vibration control of the system.
Using the obtained transfer functions, different control techniques are
then developed to examine the performance of the added dampers to
the fluid tank to develop a smart vertical rocking isolation system for
vibration mitigation of fluid storage tanks. A semi-active online direct
DDC method based on an adaptive PID control scheme, herein termed
as (ODDAPIDC), is developed to control the rigid cylindrical legged
tank. In this scheme, the online data from sensors are received at each
time step. Then, based on a set point as the reference and a transfer
function of the plant as the model reference, two error values are cal-
culated at each time step. As discussed earlier, in direct DDC methods
instead of identifying the plant, the observed data are directly used to
design the controller. Therefore, in the adopted control scheme here,
the parameters of the PID controller are identified at each time step
based on the observed data to satisfy the control objective. Different
identification methods have been introduced in the literature to adap-
tively estimate the controller parameters, including fuzzy logic [70],
Predictive Neural Network [71], Chebyshev Neural Network [72], and
Monte Carlo based techniques [73,74], among others. Here, an adap-
tation mechanism using the Recursive Least Squares (RLS) is employed
to minimise a cost function based on the estimation error [75-77].
This technique offers promising features including robustness against
faults when the system undergoes substantial changes, simplicity of the
algorithm for application and modifications for different systems, and
small memory requirements [78].

A vertical mode for the implementation of the MR dampers for
equipping a legged rigid circular cylindrical fluid tank is considered.
This tank was considered in an unanchored condition rocking freely
as a rigid body under the base excitations. A set of equations was
developed to represent the dynamic behaviour of such a coupled MR-
fluid-tank system. A set of numerical examinations was conducted to
study the efficacy of MR dampers in mitigating the seismic responses
of such a tank. Experimental results of shake table tests conducted
over a rigid legged cylindrical fluid tank equipped with MR dampers
connected between the legs and the ground vertically to develop a
rocking isolation system for fluid tanks based on smart dampers are
presented.

2. Dynamic modelling of the coupled system

In this section, the equation of motion for a rigid legged circular
cylindrical tank under the base seismic excitations is developed. To
the aim of developing the equation of motion for the considered
rigid legged tank, the 3-D schematic of the system equipped with MR
dampers and the equivalent mechanical representation of the rigid
body rocking motion of the coupled system have been illustrated in
Figs. 1-2. The cross-sections of the tank cylinder and the legs are shown
in Fig. 3.

The non-smooth equation of motion of the system without MR
dampers, considering the moment equilibrium around pivot point O,
is written as follows,

I'6 + m'gR'sin(a — 0) = —m' R'U,(H)cos(@ — 6), >0 o
I'6+m' gR sin(—a — 0) = —m' R U (t)cos(-a - 6), 0 <0
I'=1,,+mh R cos(a - 0) (2)

R =R, +1? 3



S.E.A. Hosseini and S. Beskhyroun

Metal bars
fixing top
of the
dampers
to the legs

Legs

MR dampers
Angles fixing bottom of the
dampers to the Shake table

Fig. 1. 3-D Schematic of the rigid legged circular cylindrical tank equipped
with MR dampers under uni-directional base excitaions.

m’ = meff—liq + Myank (4)
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Ip= A, ®
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In the above equations, 6 is the angle of the rigid body rotation,
I’ the mass moment of inertia of the system, g is the gravitational
acceleration, Ug(t) is the ground motion acceleration in g, I the mass
moment of inertia of the fluid inside the tank, I; the mass moment
of inertia of a solidified liquid inside a cylindrical container, I., the
mass moment of inertia of the tank cylinder, R., the radius of the
cylinder, h,, the height of the tank cylinder, 4, the height of the
liquid in the tank, h,,, the height of the legs, m,,,, the mass of the
tank without the contained fluid, m; the mass of the fluid inside the
tank, and A, is a factor that can be conveniently obtained from charts
presented in the literature for calculating the equivalent mass moment
of inertia of fluid inside rigid cylindrical containers [79]. m,;,_;;, is
the effective equivalent lumped mass of the coupled liquid-tank system
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while h,,,_;;, is the height of this mass from the base of the tank.
Values of these two parameters can be obtained as below,

[se]
Moy r_tig = M Z A, 10)

n=1

—! yH, Zc )

ef f-lig n=

heff—liq

which M, is the total mass of the fluid in the tank, and A, represents
the below equation,

1, |2
An=S [ﬂ3(2r116— 1)3} : [(2n2j)ﬂ] 12)
L [ 25 ]
_ 2x (=D
- [1_ @n—-Dr ] (13)

where § is the tank’s aspect ratio (h;/R,,), I;[.] is the modified Bessel
function of the first kind of order one, and I,[.] is its first derivative. A
rotational damping term is defined as below [57],

g
R
where ¢, is the rotational damping ratio. Adding the rotational damping
term to Eq. (1) and then dividing by the term R’ will result,

Cy=¢m' R 14)

9 + Com’ 0 +m sm(a —-0)= Ug(t)cos(a -0), 6>0

R’2

=0+ Com' 0 +m' sm( a—0)= %ﬁg(t)cos(—a -0), 6<0

R/2
(15)

By defining the “Rocking Frequency Parameter” of the rigid tank
as,

£
R’

Eq. (15) can be rewritten in a closed form representation as below,

P = (16)

m' P'?

’
%9 + C‘gm'P'é + m’P'zsin(asgn(B) -0 =—7--U, (t)cos(asgn(@) 0)
R g

a7

The non-smooth Equation (17) can be used to determine the time
history responses of the system in the uncontrolled case under ground
accelerations. Considering a legged tank-fluid system in a practical
three-dimensional application, including the applied control mecha-
nism beside each leg of the tank, and incorporating the corresponding
control force in the equation of motion,

!
%é + Cym' P'O + m' P sin(asgn(9) — 0)

m' P'?

4R,
=- U, ((Dcos(asgn(0) — 0) —
g R

cont(t) (18)

To facilitate a control system design for the coupled fluid-tank-MR
damper system using the model reference transfer function technique
and considering the below approximations for slender tanks under
small amounts of rotations,

sin(a — 0) = (a — 0)
cos(a —0) ~ 1 19
a 20

Eq. (18) can be linearised to the following equation for 6 > 0,

;o . 2 4R,
#o +¢m PO+ nl P70 = —%U (0 = = Ueon®) (20)

where U,,,,(t) is the control force applied to the system. The above sys-
tem can be regarded as a multi-input single-output (MISO) system with
ground motion as the disturbance to the system, while the objective of
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Fig. 2. Rigid body rocking motion of a rigid legged circular cylindrical tank under uni-directional base excitations.
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Fig. 3. Cross section of the tank’s cylinder and legs.

the control force is to minimise the effects of the input disturbances
and maintain the stability of the system. Taking the Laplace transform
from both sides of Eq. (20), considering zero initial conditions, gives,

! pr? 4R
U s) - R—,Cszm;(S) (21)

r 2 ! p! 1 pr2
0(s) |—s"+¢m P's+m' P~ | =—
R?

Thus, the transfer function from input U,(t) and U,,,,(t) to the output
0(1), respectively, would be,

m/P'Z
0(s) g
H(s) = = (22)
' —U,(s) [RI—//ZSZ + m'P's + m’P’z]
4Ry
Hy(s)= —20_ [ 23)

_Ucom(s) |:RI_’/ZS2 +C9m’P’s+m/P/2]

Using the transfer functions above, a control strategy can be employed
to design the control force and satisfy the control objectives. To fulfil
the control objectives and minimise the effects of the input disturbance
(ground motion) on the considered rigid legged cylindrical tank, two
control strategies have been applied. A description of the employed
control strategies will be discussed in the next section.

The dynamic behaviour modelling of the MR damper is consid-
ered based on the modified Bouc-Wen hysteresis representation. Based
on this dynamic modelling, the force produced by the damper is
formulated using Egs. (24)-(29) [80-83],

Fmr = az+co(Ey — 9) + ko(xpr — ¥) + ki (xp — x0) 24)
2= —ylty = Hlzlzl") = Bty = Dlzl" + Ay — ) (25)
== -1+ - [z + coiar + ko(xar — )] (26)
a(t) = a, + a7 27)
c1(r) =cjg+cpT (28)
co(7) = coq + copT (29)

where a,, @, ¢4 C1ps Coas Cops Hs kos k15 A, B, 7, Xy, and n are the 14
parameters associated with the modified Bouc-Wen model, and x,, and
Xy, are the displacement and velocity of the MR damper. 7 is a first-
order filter with a transfer function in the s-domain expressed in Eq.
(30) that is applied over the decided voltage v to the damper,

H
S+ u

7(s) = (30)

This filter in the z-domain has been presented in Appendix.
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3. Vibration control scheme
3.1. Classical PID

The PID control strategy is one of the widely applied control tech-
niques for various applications. This control strategy has proved to be
simple, robust, effective, and applicable to a broad class of industrial
systems [84,85]. This technique has been used for control design of
industrial processes [86], robotic manipulators [87,88], biomedical
applications [89,90], electric drives and power applications [91], and
mechanical and civil engineering structures [92,93], to name but a few.

The PID control force in the parallel form is written as below,

de(t)

1 t
Upip(t) =Kp [e(t)+f_/0 ety dt +T,—= (31)

where e(?) is the error function defined as the difference between the
output and the reference. The Laplace transform of the above equation
would be as follows,

Uprp(s) =Up(s) + Uy(s) + Up(s) (32)
and the controller gain would be,
Kp 1
Kprp(s) = Kp + —=(2) + KpTys (33)
i
Considering the below relations,
Kp
KI=T’KD=KPTd (34)

i

Egs. (32) and (33) can be rewritten as Egs. (35) and (36), respectively,

t
Up;p(®) = Kpe(t) + K, / e(t)ydt + K dz(t’)
0

(35)

1
Kpip(s) = Kp + K;(5) + Kps (36)

where Kp, K;, Kp, T;, T;, and e(?) are the proportional gain, integral
gain, derivative gain, integral time constant, derivative time constant,
and the error between the reference and the output, respectively. Since
the process usually contains noise, a low-pass filtered derivative instead
of the pure derivative is applied. In this case, the control force in Eq.
(32) would be reformulated as follows,

Upip(s) =Up(s)+ U (s) + Up_y pp(s) 37
where the filtered derivative term would be in the below form,
s
=Ky | —
Up_rpF D [Tfs " 1] (38)

where T is the filter time constant.
3.2. Energy dissipation

This control strategy is in fact a variation of the decentralised
bang-bang control technique [93-95]. In this technique, only the mea-
surements of the damper’s force and velocity are required. This strategy
benefits from a very simple formula and ensures the command voltage
is at its maximum value when the dampers’ force is dissipating energy
and is at its minimum when the force is not dissipating. The Lyapunov
function representing the total energy of the structure is written as
below,

1 1

T T ;
Y = o X0 K X+ 5 X0 M, X, (39)
where X, X,,, M,,, and K,,, are the displacement and velocity

vector, mass, and stiffness of the structural system. Having the MR
damper connected between the ground and the system, to maximise
the rate of change of the energy dissipation, the below control law is
applied which directly affects the energy of the system,

vf/[ni = Vmax,MRH{(_XZ\:,R)fMR} (40)
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where X L r is the transpose of the relative velocity of the MR damper.
The advantage of this technique in the current application is when
the damper is connected between the ground the tank’s base or legs
only the absolute velocity of the damper is needed. This measurement
can be obtained through applying a proper transfer function to the
measurements of the accelerometers’ data.

3.3. Online data-driven adaptive PID

In the applied data-driven control technique, an adaptation mecha-
nism estimates the parameters of the PID controller online for the next
step of the control action. Finally, the calculated control force is sent to
the clipping algorithm to decide the input voltage to the MR damper.
The schematic of the control design block diagram is shown in Fig. 4.

In Fig. 4, Plant is the sysme to be controlled in this study, i.e. the
fluid tank, adaptation mechanism to update the parameters of the
adaptive PID (APID) controller online using the observed data from
sensors is the RLS identification process, Reference Model is the transfer
function of the system, i.e. H,(s) or H,(s) which work as the reference
model for the DDC control system here, ¢, and e,, are the real error be-
tween received data from the sensors and the estimated error between
the observed data and estimated response of the system, respectively,
U,y is the online DDC-APID control, r is the reference, Y,,, and Y,
are the measured and the desired estimated responses of the plant, re-
spectively, X,z and X, are the displacement and velocity of the MR
damper, 6, is the vector of identified parameters of the PID controller
from the adaptation mechanism, LPF is a Low Pass Filter over these
parameters, and F), g and V), are the MR damper calculated force and
the decided voltage to the damper based on the Clipping algorithm for
the next time step in the online control process of teh system. Therefore,
the author terms this control methodology as an Online Data-Driven
Adaptive PID-Clipping control (ODDAPIDC) methodology developed
for semi-active control of rigid legged cylindrical fluid storage tanks
equipped with MR dampers in this study.

3.4. Recursive least squares adaptive PID control technique

In this technique, a tracking error is defined as the difference
between the real output of the plant (measured by the sensory system)
and the desired estimated output from the model reference. The RLS
strategy tries to converge this error to zero asymptotically. Here this
tracking error is written as below,

CRLS(I) = Ymrd (I) - Yest(t)_) 0 (41)
Y,,q (@) = r(t) — e, (1) (42)
Yot (1) = Hp ()r(1) (43)

Therefore, to satisfy Eq. (41),
Hy ($)r(t) = r(t) — e (1) 44)

where H,,(s) is the transfer function of the model reference. Consider-
ing a PID control gain with a filtered derivative action that counteracts
the undesirable noise amplification as follows,

N

Cprp(s) = Kp(s) + Kl(s)é + Kum (45)
it is obtained,

Ucont(s) = Cprp(s)e,(s) (46)
which in discrete time and the z-domain would be,

Ueom(2) = Cprp(2)ey 47

Writing Eq. (44) and multiplying both sides of it by the controller gain
Cpyp(2) yields,

Cpip(2)H p(2)r = Cpp(2)(r —e,y) (48)
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Fig. 4. Schematic of the control design block diagram for semi-active control of the rigid legged cylindrical fluid tank.

Using Eq. (48) and some mathematical manipulations, the tracking
error of the RLS technique for the current approach can be written as
below,

U

cont

Cres = = Cprp(2)(1 = Hp (2))r (49)

Having the tracking error, the cost function of RLS is regarded as
follows to satisfy the convergence of the plant output to the desired
one,

N-1
1 T . .
Tresk) =+ ;) Crpsk = Dprsth =) (50)
The controller gain Cp;p(z) is rewritten as below,
Cpip(2) = @;ID(DPID(Z) (51)

where @; ;p are the controller parameters to be identified at each time

step using the RLS technique,

oL, ,=|Kp K, Kp|l €R (52)

and @p;p(z) using the backward Euler method can be formulated
as [96-98],

T
Dprp(2) = [1 ]
where 7z, and T, are the sampling time and filtered-derivative time
constant, respectively. Substituting Eq. (51) into Eq. (49) and defining,

z—1
(Ty+15)z=Tj

T2
z—1

(53)

DPpiprr =Pprp(2)(1 = Hy (2))r (54)

the equation of the tracking error in a step-wise manner can be written
as,

Cres(k) = Uy (k) — @;T:]D(k = D®prp, k)

Finally, the estimated parameters of the controller using the RLS tech-
nique, i.e. the ©p;p(k), are passed through a Low Pass Filter (LPF)
to account for rapid changes in the plant’s characteristics [76]. The
transfer function of this filter in the z-domain is written as follows,

_ b
z+pp—1

(55)

Hppr(z) = ) 0<p,<1 (56)
It is important to mention that incorporating Eq. (55) in the cost
function of the RLS algorithm will result in the process of estimation
and updating the controller’s parameters online in an adaptive manner
at each time step by the @, , factor, depending on the previous one. To
ensure the stability of the control technique, asymptotic convergence

of the tracking error to zero, and avoiding the disturbing effects of

the parametric variations in both the identification process and the
system itself, the RLS algorithm using the forgetting factor strategy is
applied [76,78]. Using this approach,

0%, () = 0%, (k= 1)+ Ky 5(K) [Upon(k) = 05, (k= D®p 1 (K)]
(57)
Kgys is the adaptation gain vector of the RLS technique that is formu-
lated according to the below equation,
dif,,DJf(k)PRLS(k -1
Agps + d’LD,fPRLs(k —D®prp, s

B

Krrs(k) = 0<Aprs <1 (58)
In the above equation, Pg; ¢ is the covariance matrix and Ay, ¢ is the

forgetting factor. The covariance matrix is written as follows,

PRLS(k) = PRLS(k - 1) - KRLS(k)PRLS(k - 1)(ZSPID,I‘f (59)

Using the developed formulations, techniques, and approaches, numer-
ical simulations, and experimental results are presented in the next
sections to examine the efficiency of the MR damper on the dynamic
behaviour of the legged fluid tank under the base excitations.

3.5. Semi-active controller

When employing the classical and data-driven adaptive PID control
approaches, the control signal using the secondary controller would be
acquired using Eq. (60) [82,99-1011],

ax,MRH{(UCom - fMR)fMR}

where V.. yr is the maximum voltage that can be commanded to
the damper which depends on the capacity and specifications of the
damper, H{.} is the Heaviside function, and U,,, is the desirable con-
trol force decided by the selected control laws and strategies. A modi-
fied version of the clipping algorithm stated in Eq. (60) selects any val-
ues between 0 and V,,,, yr- This technique is written as follows [102-
105],

U';/f;dg =VamrH{Weon — fur) S mr}

where v’,(’l‘"fz is the voltage decided in the modified technique, and V, 4, r

is decided based on the inequalities in Eq. (62),

v

m

OpR = (60)

(61)

Vmax,MR’ |UC0m| > fmax,MR
VaMR = Vawsir T | < (62)
f_ | Cont |» | Cont | = fmax,MR
max,M R

where f,,, g is the maximum capacity of the MR damper.
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Fig. 5. Experimental setup of the tank with MR dampers.

Table 1
Geometrical and hydrodynamic characteristics of the rigid legged circular
cylindrical fluid tank.

Parameter Value Parameter Value

Ry 1332 (mm) A, 0.8015

Rieg 400 (mm) B, 0.4294

hey 932 (mm) C, 0.3442

M,y 580 (kg) Resriig 400 (mm)

Dy, 47.95 (mm) R’ 571.7 (mm)

R, 389.93 (mm) I 9829700 (kg mm?)
N 2.33 I 49148300 (kg mm?)

4. Results and discussion
4.1. System properties

This section presents the experimental results of shaking table
tests over a legged rigid stainless steel circular cylindrical liquid tank
equipped with four MR dampers under rocking motions. This tank is
made of stainless steel and has a very rigid body with a thickness of
around 2 cm. Other geometrical specifications of the tank are given
in Table 1. Details of these tests and data analysis of the experimental
results are described in the below sub-sections. In this table, &,,, M,,,
and D,,, are the total height and mass of the tank filled with water,
and the diameter of the legs, respectively. The rest of the parameters in
this table were already discussed in Section 2. Moreover, the rotational
damping ratio ¢, was considered as 5%.

The considered MR damper in this study has a capacity of around
2.45 kN, and the input voltage to the damper is regarded in the range
of 0 to 3 V. The MR damper model regarded in this study is RD-8041-1
(long stroke). The parameters of the modified Bouc—~Wen model for the
MR damper are considered as presented in Table 2 which have been
experimentally obtained and verified in previous investigations [106].

4.2. Experimental setup

A rigid legged stainless steel circular cylindrical liquid tank was set
up freely over the shake table in the Structural Engineering Laboratory
of the Auckland University of Technology (AUT). This tank was filled
with water. The shake table platform is a unidirectional table with

Table 2

Parameters of the Bouc—-Wen model of the MR damper.
Parameter Value Parameter Value
a, 1921.141 (N/m) ko 1940.405 (N/m)
a, 5882.51 (N/V m) k| 1.751268 (N/m)
1 2089.263 (N s/m) A 155.32
cp 14384.918 (N s/V m) p 36332.07 (m™2)
Coq 651.4718 (N s/m) b4 36332.07 (m™2)
o 1043.7559 (N s/V m) X, 0.00 (m)
u" 60 (s7) n 2

dimensions of 4000 mm by 2896 mm and a maximum horizontal stroke
of +200 mm, run by the Shore Western controller. The maximum
payload of the table is 1 ton and it is capable of producing accelerations
up to 2g. The fluid tank and the MR damper were installed over
the shake table in two scenarios. In the first scenario, the tank was
installed over the shake table without the MR dampers connected to
its legs. This tank was tested for a series of swept-sine as well as
the selected ground motions with different Peak Ground Acceleration
(PGA) scales. The purpose of the swept-sine tests was to detect the
natural frequencies of the legged rigid circular cylindrical stainless steel
fluid tank while the aim of testing for ground motions was to compare
results with the controlled tank. In the second scenario, the same tank
was equipped with four MR dampers, each installed beside one of the
legs. Again the tank was tested under the same ground motions. Finally,
the results of the vibration responses of the system including the uplift
displacements of the tank, uplift relative accelerations of the legs, and
the lateral absolute accelerations of the tank body in two cases were
compared to examine the efficacy of the dampers in attenuating the
seismic responses of the tank under the base excitations. Fig. 5 shows
the details of the installation setup for the fluid tank equipped with
MR dampers over the shake table to provide rocking isolation. The
supporting platform for protecting the tank can also be seen this figure.

4.3. Instrumentation of rigid fluid tank-MR system

The fluid tank was instrumented using different sensors includ-
ing accelerometers, Linear Variable Differential Transformers (LVDT’s),
and MR dampers as shown in Fig. 6. To command the calculated
voltage at each time step using the control algorithm to the damper



S.E.A. Hosseini and S. Beskhyroun

Direction of shaking

International Journal of Electrical Power and Energy Systems 172 (2025) 111113

Acc 03

Fig. 6. An iso-geometric view of the instrumentation of the rigid fluid tank-MR damper for data acquisition and control.

a Pulse Width Modulator (PWM) control box was designed by the
technicians of the Auckland University of Technology (AUT) as seen
in Fig. 7. Moreover, a software platform based on SIMULINK-MATLAB
was developed for data acquisition and online control of the system
based on the developed control techniques. The block diagram for this
software has been illustrated in Fig. 8.

This software has different capabilities, including data acquisition
from the sensory system for different types of sensors, online control
using different control techniques which can easily be switched, real-
time output saving, and data visualisation. Eight accelerometers, Acc
01 to Acc 08 were utilised. Acc 01 to Acc 03 were connected to the
bottom, mid-height, and top of the tank, respectively, to measure the
lateral accelerations of the fluid tank. Acc 04 to Acc 07 were connected
beside each leg very close to the position of each MR damper and
LVDT to measure the upward accelerations of the legs. LVDT 01 to
LVDT 04 were installed to measure the uplift displacements of the legs
and MR 01 to MR 04 were installed beside the legs to control the
system. Moreover, four PWM control boxes were applied to transmit
the analog output from the DAQ and command the control voltage
signal to the MR dampers. The National Instruments Data Acquisition
(NI DAQ) hardware was employed for receiving and logging the analog
input signals from the sensors and sending the analog output voltage
command signal to the dampers. A sampling rate of 50 Hz was used
for the process of simultaneous data acquisition and control.

As shown in Fig. 8 real-time data from LVDT’s are used for the
process of feedback in the control process. Different control methods
were employed to examine the performance of the controlled system.
Voltages sent to the PWM control boxes from the control design to be
transmitted to the MR dampers were bound in the range of 0-3 V.

4.4. Experimental and numerical results

The seismic records of seven past prominent earthquakes including
the 1979 El Centro, the 1999 Kocaeli, the 1990 Manjil, the 1995
Kobe, the 1989 Loma Prieta, and the 2011 Christchurch, and the 1978
Tabas were used for experimental examinations. Records of the selected
ground motions were obtained from the Pacific Earthquake Engineering
Research Center (PEER), Next Generation Attenuation (NGA-West2)
database for historical earthquake recrods [107], (https://ngawest2.
berkeley.edu/). Each record was scaled using SeismoSignal [108] to
specific Peak Ground Acceleration (PGA) values. Displacement time
histories in millimetres units were used for each scaled ground motion
and were given to the shake table to produce the excitations. A time
step of 0.02 s was used to produce time histories using the shake
table. Details of each ground motion, including the event name, station,
year, fault type, mechanism, magnitude (M,), and PGA have been

Fig. 7. Pulse Width Modulator (PWM) control box developed for commanding
voltage to the MR dampers.

presented in Table 3. The legged rigid fluid tank was controlled under
different scales of the selected ground motions and for various control
techniques. The applied scaled ground motions include Christchurch
0.438g (~92% of full-scale), Kobe 0.525g (63% of full-scale), and Loma
Prieta 0.512g (3x full-scale). The applied control methods consist of
two passive modes including the Passive Off (constant zero voltage to
the damper) and Passive On (constant 3 V to the damper), and different
semi-active techniques including the energy dissipation method and a
series of many other different techniques.

Using the formulae developed in Section 2 for the dynamic be-
haviour of rocking rigid legged cylindrical tank, and control techniques
described in Section 3, numerical simulations for the uncontrolled
and controlled system utilising MR dampers were conducted using
SIMULINK - MATLAB. Numerical results were polluted with White
Gaussian Noise (WGN) with a signal-to-noise ratio (SNR) of 1 dB to sim-
ulate the practical applications in the presence of noise. Numerical re-
sults were compared to experimental ones to examine the performance
of the developed equations and applied control techniques.

A comparison between the experimental and theoretical peak uplift
displacements of the tank under the selected earthquakes in the uncon-
trolled case has been presented in Table 4. In the presented figures and
tables for the results, channels CH 10 and C H 11 represent the LV DT02
and LV DTO03 sensors, respectively, measuring the uplift displacements
of the tank at pivot point O corresponding to rotations of the tank
around pivot point O7 (9 < 0) which were found to be the largest among
those of other displacement sensors. After examining the experimental
results of some primary tests, ground motions with certain PGA scales
were found to create enough uplift displacements in the system for
the MR dampers to come into action and start dissipating the external
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Fig. 8. Data acquisition and online control system block diagram of the developed software platform.
Table 3
Details of the earthquake records used for seismic ground motion tests of the fluid storage tank.
Event Station Year Fault type Mechanism M, PGA (g)
Loma Prieta APEEL 2E Hayward Muir Sch 1989 Far-fault Reverse-oblique 6.93 0.171
Kobe KIMA 1995 Near-fault, Pulse-like Strike-slip 6.9 0.834
Christchurch Cathedral college 2011 Near-fault Reverse oblique 6.2 0.478

energy. Thus, these ground motions which include Christchurch 0.438g,
Kobe 0.525g, and Loma Prieta 0.512g were set as the focus of controlled
system tests. Experimental results of the peak uplift displacements of
the uncontrolled and controlled system for a series of selected applied
controllers have been listed in Table 5.

Fig. 9 illustrates the comparison between the experimental tests and
theoretical simulations for the legged tank in the uncontrolled case
under the Christchurch 2011 earthquake. Different controllers were
applied to the system, including passive controllers, i.e. the Passive
On and Passive Off, and the remaining controllers were the semi-
active model-based and online data-driven adaptive controllers. Vari-
ous model-based and data-driven controllers were applied to the sys-
tem. A selection of the applied control techniques have been presented
in Table 5. Model-based controllers presented in this table include
PIDCLIPO5, PIDCLIP06, PIDCLIP09, and PIDCLIP10 for the standard
PID-clipping technique and PIDMCLIPO3 for the PID-modified-clipping
approach. For the online data-driven adaptive PID techniques, ODD-
APIDCO1 and ODDAPIDCO06 using the standard clipping and ODD-
APIDMCO1 and ODDAPIDMCO2 for the modified clipping control have
been presented. It is noteworthy that the PID control parameters for
the model transfer function in the case of model-based techniques and
for the model reference transfer function in the case of data-driven
approaches were obtained using the PID tuner toolbox of MATLAB
R2023b. Since a variety of controllers and transfer functions were ex-
amined, only those whose results have been presented in this research
have been appeared in the Appendix. The discrete transfer functions
H,(z) and H,(z) in this Appendix have been obtained by discretisation
of Egs. (22) and (23) considering a time interval of 0.02 s, while H,(z)
has been acquired by discretisation of Eq. (22) considering a time
interval of 0.005 s. The applied control methods, controller parameters,
and different applied digital filters can be found in Appendix.

Comparisons between the numerical and experimental results for
both cases of controlled and uncontrolled systems under the

Christchurch 0.438g have been illustrated in Figs. 10-11 for the con-
troller PIDCLIPO5. Experimental results of the uncontrolled system ver-
sus the controlled system, as well as the results of different controllers,
under different ground motion tests, have been illustrated in Figs.
12-15. The control system design implementation was achieved using
the developed software platform via SIMULINK which receives signals
from the National Instruments Data Acquisition (NI-DAQ) system,
analyses and processes them using the developed control procedures,
and commands them to the PWM boxes.

A comparison between the results of numerical evaluations using
the developed equations for modelling the dynamic behaviour of the
rocking rigid legged circular cylindrical tank under ground accelera-
tions with that of experimental results has been presented in Table
4. As shown in this table, depending on the applied earthquake, the
estimation error varies in the range of 6%-13%. As seen in Figs. 9 and
10, the numerical and experimental peak uplift responses of the system
either in the controlled or uncontrolled cases occur at different time
instances which is attributed to the realistic laboratory test conditions
for start and finish time for each experimental test. Moreover, as
demonstrated in these figures, contrary to the experimental results, in
the numerical case, there are more fluctuations in the uplift response of
the fluid tank from the beginning of the uplift (rotation of the system)
until it reaches back to the settling conditions again. The non-smooth
equations of motion for the dynamic behaviour of the rigid legged cir-
cular cylindrical fluid tank, which experiences rocking motions under
base accelerations in this study, were developed by inspiration from
pioneering works in this field [50-54,57]. The developed equations
in these works, the dissipation of energy due to inelastic impact, and
the expected consequent number of impacts of the rigid block on the
surface are for the rocking motion of rigid blocks having a completely
uniform rectangular geometry that is different from the fluid tank
system considered in this research. Considering the fact that similar
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Experimental and theoretical peak uplift responses of the uncontrolled rigid legged tank-liquid
system under different applied ground motion tests.

Uplift Christchurch 0.438 g Kobe 0.525 g Loma Prieta 0.512 g
Theoretical (mm) 14.50 10.50 11.10
Experimental (mm) 15.80 11.13 12.55
Estimation error (%) 8.97 6.00 13.06

Table 5

Experimental peak uplift responses of the rigid legged tank-liquid-MR damper system under the selected ground motions for

different control techniques.

Uplift response Control technique Christchurch 0.438 g Kobe 0.525 g Loma Prieta 0.512 g
Uncontrolled system
Ucyyp (mm) Uncontrolled 15.80 11.13 12.55
Passive control tests
U (mm) Passive off 7.51 7.93 6.97
cHio Passive on 3.83 4.19 2.19
Semi-active energy dissipation clipping controller
Ucpyp (mm) Energy dissipation 5.90 6.18 6.80
Semi-active model-based PID standard-clipping controllers
PIDCLIPO5 6.77 6.49 5.34
U (mm) PIDCLIP06 6.53 6.47 6.96
CHI10 PIDCLIP09 3.18 4.05 4.58
PIDCLIP10 2.75 3.84 3.28
Semi-active model-based PID modified-clipping controllers
Ucyryo (mm) PIDMCLIP03 3.71 4.76 3.31
Semi-active online data-driven adaptive PID standard clipping controllers
U (mm) ODDAPIDCO01 2.36 3.55 3.52
cHio ODDAPIDC06 4.62 4.15 3.08
Semi-active online data-driven adaptive PID modified-clipping controllers
U (mm) ODDAPIDMCO1 2.69 3.40 -
CH10 ODDAPIDMC02 2.59 4.42 3.89

Earthquake: Christchurch 0.438g, Uncontrolled

20
—— Theoretical: Uplift at pivot point O, > 0 I ;
15 — Theorf:tical: Uplift'th pivq point. 0,0<0 |
Experimental: Uplift at pivot point O, Channel No. 10 (LVDT02)
10k 15.80 mm N
Impact boundary
5

Uplift (mm)

15 L 1

1 1 1

5
. Time (Sec) !

20

Fig. 9. Experimental and theoretical uplift displacement comparison of the tank without MR dampers (uncontrolled system) under the Christchurch 2011, 0.438

g.

experimental investigations on the rigid legged circular cylindrical fluid
tanks are scarce in the literature, the current study shows a verification
of the accuracy of the developed equations and sets a foundation for
future research in this field.

Examining Table 5 and Figs. 11-15 for the performance of different
passive and semiactive model-based and data-driven controllers shows
in the case that the dampers are working in a Passive Off mode, they
have reduced the uplift displacements of the tank between 29% under
the Kobe 0.525g to 52% under the Christchurch 0.438g. In the Passive
On mode, uplift responses of the tank have been reduced between
62%-83%. Finally, in the case of applying the selected semi-active

10

controllers, uplift responses of the tank have been attenuated in the
range of 44%-85% depending on the type of the controller and the
applied ground motion. It is noteworthy that in some of the figures
representing the experimental results of tests using different controllers
or comparative figures between the uncontrolled system and controlled
system using different techniques, there are time differences among
different plots. For instance, the peaks of the uplift displacement time
history occurred at different time instances under different test runs.
These differences are due to the inevitable different start and stop times
for running the tests, which resulted in some time differences in the
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Fig. 10. Experimental and theoretical uplift displacement comparison of the tank with MR dampers under the Christchurch 2011, 0.438 g for controller PIDCLIPO5.
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Fig. 11. Uplift displacement comparison between experimental results of the controlled system using PIDCLIPO5 controller and the uncontrolled tank under the
Christchurch 2011, 0.438 g.
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Fig. 12. Uplift displacement comparison between experimental results of two passive and two semi-active controllers under the Christchurch 2011, 0.438 g.

measurements of the sensors at each test during the experiments. Re- instances for which the standard Clipping technique resulted in more
sults of Table 5 show that semi-active control strategies using standard reductions in the structural responses of the system. The developed
and modified Clipping approaches result in almost the same level of online data-driven adaptive controllers were able to follow the same
performance for the controlled system design. There were found some performance indices as that of the model-based controllers and even

11
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Time (sec)

standard and modified Clipping technique under the Christchurch 2011, 0.438 g.
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Fig. 14. Uplift displacement comparison between experimental results of uncontrolled and controlled system by passive and semi-active model-based controllers

under the Kobe 1995, 0.525 g.
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Fig. 15. Uplift displacement comparison between experimental results of the controlled system with several model-based and online data-driven adaptive semi-

active controllers using the standard and modified Clipping technique under the Loma Prieta 1989, 0.512 g.
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Fig. 16. Frequency response of the uncontrolled and controlled system using several semi-active controllers under the Christchurch 2011, 0.438 g, from input
base excitation to the output uplift displacement of the tank at Channel No. 10 (LVDT02).

surpassed them in some cases. These controllers work only based on
the online output measurements of the system in real-time, which act
as the input to the control system design. More importantly, they are
stable and robust to inaccuracies in mathematical representations of the
system. Therefore, it is expected that they are scalable and applicable to
any fluid-tank with different structural characteristics and geometrical
shapes.

The non-parametric frequency responses of the uncontrolled and
controlled system using different semi-active controllers from input
base excitation to the output uplift of the tank were estimated by
the Spectral Analysis (SPA) approach via the Blackman-Tukey method
[109] using the Hann windowing. The non-parametric frequency re-
sponse function using the Blackman-Tukey is obtained using the below
function,

éi n/out (@)

G" iwy
N(e ) <f>,.,,(a))

(63)
where @,,(w) and &,, /our(®) are the Fourier transforms of the covariance
and cross-covariance from input to output signals, respectively. These
analyses were conducted using the System Identification toolbox of
MATLAB R2023b to observe the effect of added control mechanism
on the frequency behaviour of the system. The Bode diagram of the
estimated frequency response of the uncontrolled and controlled system
under Christchurch using different semi-active controllers has been
depicted in Fig. 16.

Examining the magnitude plot in Fig. 16 for the uncontrolled system
as well as the controlled system under a series of different controllers
shows that the MR damper mechanism and the applied controllers
have attenuated the structural responses of the system across a broad
frequency range and improved its stability. Examining the phase plot
in this figure demonstrates that the applied controllers have caused
the system to exhibit less phase lag and improved the phase margin
of the system. These results prove that the applied controllers are
robust to both external disturbances and uncertainties in the dynamical
representation of the system.

5. Conclusions

In this paper, numerical and experimental investigations were con-
ducted to investigate the efficacy of MR dampers as smart semiactive
control systems for rocking isolation and the development of seismic-
resilient legged fluid tanks under based excitations. A series of equa-
tions were developed to model the dynamic behaviour of such complex

13

structural systems. Numerical simulations and experimental tests under
Near-Fault, Near-Fault Pulse-like, and Far-Fault earthquakes for the
uncontrolled and controlled system were conducted using developed
software platforms based on SIMULINK-MATLAB for data acquisition
and control process. Four MR dampers were connected to the tank
in a vertical configuration, one damper beside each leg, and tests
using the developed control techniques were conducted to evaluate the
performance of the controlled system and the control techniques in
reducing the uplift displacement of such a tank as its most important
structural response under earthquakes. The uplift displacement of the
system was considered as the feedback to the control system design
to achieve the control objective, being the minimisation of the uplift
response of the fluid tank. Different passive, semi-active model-based,
and data-driven adaptive control procedures were designed and tested
for the fluid-tank-MR system.

Examining various passive and semi-active controllers applied to
the experimentally tested fluid-tank-MR damper system demonstrated
that, depending on the ground motion and the controller technique,
the responses of the system can be reduced by different percentage
points. The MR damper and the control strategies proved robust in the
sense that even with inaccuracies, uncertainties, and model estimation
errors in the mathematical representation of the considered complex
system which entails fluid—structure interaction. Even in the case of the
dampers operating as passive mechanisms, considerable reductions in
the uplift displacement of the fluid tank are achievable. MR dampers
are reliable control devices that do not rely on an external power
supply, require very low voltage for operation, and convert to passive
systems in the absence of the voltage and continue to mitigate the
vibrations.

Comparisons between the experimental results and the theoretical
uplift displacement of the tank based on the developed equations
in this research demonstrated low modelling errors in the range of
6%-13% under the applied ground accelerations. After equipping the
fluid-tank system with MR dampers, when the dampers operated as
passive mechanisms, uplift displacement reductions up to 52% in the
case of Passive Off (no voltage to the damper) and 83% in the case
of Passive On (constant voltage of 3 V to the damper) were achieved.
The model-based control techniques showed they could successfully
attenuate responses up to considerable percentage points of up to
83%, depending on the applied ground motion and the controller.
The designed data-driven techniques, by bridging the gap between the
modelled dynamical system and the real structure, could adaptively
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achieve the same level of performance as that of model-based tech-
niques by relying only on input/output data in real time in spite of the
available uncertainties and inaccuracies. According to the conducted
experimental investigations, these techniques were able to mitigate the
uplift response of the legged fluid tank up to 85%. Analysing the results
of conducted numerical and experimental investigations in this research
in both time and frequency domains proved the efficacy of the MR
dampers and designed controllers for attenuating uplift displacements
of legged rigid fluid tanks. Therefore, these devices can be considered
as promising alternatives for providing flexible, fail-safe, robust, and
reliable vertical connections and rocking isolators to protect fluid tanks
against the destructive effects of base excitations. The low computa-
tional cost of the developed techniques and approaches makes them
possible to be deployed on micro-controllers to develop autonomous
control systems for developing fluid tanks that are resilient to base
excitations in practical applications.
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Appendix. Digital filters, transfer functions, and controllers

A.1. Digital filters

Low Pass Filter (LPF) transfer function over the RLS estimation
parameters:

0.0001

Hirr® = =0 5999 D
First-order filter over the voltage signal,
0.6988
=720 A2
“@) = 05012 *-2)

Low Pass Filter (LPF) over displacement measurements to estimate
velocity:

Filter method: Recursive IIR digital filter

Filter order: 6

Passband edge frequency: 20 Hz

Maximum passband ripple: 0.1 dB

Minimum stopband attenuation: 80 dB
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A.2. Model reference transfer functions

0.0003943z + 0.0003937
H,(z) = z+ (A.3)
z2 — 1.988z + 0.9953
2.187e — 6z 4 2.184e — 6
Hy(z) = A.4
A= T 0882 +0.9953 A9
2.469¢ — 5z 4+ 2.468e — 5
H,(z) = A5
= 9982 +0.9988 (A-5)
A.3. Model-based controllers and their parameters
PIDCLIPO5: PID + Clipping algorithm,
Model transfer function: H,(z)
Kp = 0.042862
Controller parameters : Ky =1.3035 (A.6)
Kp=0
N =100
PIDCLIPO6: PID + Clipping algorithm,
Model transfer function: H,(z)
Kp = 14169
Controller parameters | Ky =141.6933 (A7)
Kp=0
N =100
PIDCLIP0Q9: PID + Clipping algorithm,
Model transfer function: H,(z)
Kp =187.0527
|k, =421.0758
Controller parameters : Kp = 18.092 (A.8)
N =365.9331
PIDCLIP10: PID + Clipping algorithm,
Model transfer function: H,(z)
Kp =731.9133
|k, =1161545
Controller parameters : Kp = 55.7802 (A.9)
N =301.251
PIDMCLIPO3: PID + Modified Clipping algorithm,
Model reference transfer function: H,(z)
Kp = 7319133
Kk, =1161.545
Controller parameters : Kp = 55.7802 (A.10)
N =301.251

A.4. Data-driven adaptive controllers and their parameters

ODDAPIDCO1: Online data-driven adaptive PID + Clipping algo-
rithm, Model reference transfer function: H,(z)

LPF transfer function: H; pp(z)

ODDAPIDCO06: Online data-driven adaptive PID + Clipping algo-
rithm,

Model reference transfer function: H,(z)

LPF transfer function: H; pp(z)

Kp =731.9133
Controller parameters for model re ference : I[g) == 151567185025 (A.1D)
N =301.251
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ODDAPIDMCO1: Online data-driven adaptive PID + Modified Clip-
ping algorithm,

Model reference transfer function: H,(z)

LPF transfer function: H; pp(z)

Kp =187.0527
. JK; =421.0758
Controller parameters for model reference : Kp = 18.092 (A.12)
N =365.9331

ODDAPIDMCO02: Online data-driven adaptive PID + Modified Clipping
algorithm,

Model reference transfer function: H,(z)

LPF transfer function: H; pp(z)

Kp =731.9133
Controller parameters for model reference : i; == 15156;85()25 (A.13)
N =301.251

Data availability

Data will be made available on request.
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