EARTH SCIENCES

RESEARCH JOURNAL UNIVERSIDAD

NACIONAL

DE COLOMBIA

>
<
=)
—
S
=
2
=
w

Earth Sci. Res. J. Vol. 24, No. 3 (September, 2020): 327-333

The switching control method for the nonlinear response of seismic surface based on the local T-S model

Yudong Jiang'*, Jinming Luo?, Hojatallah Azarkhosh?, Erjun Wu?
!College of college Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, China
2College of Automation, Shenyang Institute of Engineering, Shenyang, 110136, China
3College of civil and transportation engineering, Hohai University, Nanjing, China

*Corresponding author: luojinming0830@163.com; hojatazarkhosh@gmail.com

ABSTRACT

Keywords: Local T-S model; Seismic surface;
Based on the local T-S model, the switching control method for the nonlinear response of the seismic surface is ~ Nonlinear response; Switching; Control; Damper:
studied, and the stiffness matrix of the composite interlayer element of viscoelastic damper and herringbone support
is derived. The high-order single step  method is applied to the nonlinear seismic response analysis and the
instantaneous optimal active switching control. The local T-S model and controller are designed, and the approach
and control of global nonlinear responses are realized through the multi-model switching control. The results show
that the proposed method can accurately reflect the reduction of seismic ground load and the switching control
of the main structure when the viscoelastic damper is installed. The switching control effect of the maximum spatial
displacement becomes more and more obvious with the change of time history, and the control effect of all layers
applying the switching control force is the most significant. Whether the controller is disturbed or not, it is always
good and stable performance.

El método de control de conmutacion para la respuesta no lineal de la superficie sismica con base en el modelo local T-S

RESUMEN

Palabras clave: Modelo local T-S; Superficie
Este articulo estudia el método de control de conmutacién para la respuesta no lineal de la superficie sismica con base ~ sismica; Respuesta no lineal; Traspuesta; Control;
en el modelo local T-S, y deriva la matriz de rigidez del elemento compuesto de capa intermedia del amortiguador Apagador.

viscoelastico y el soporte de espiga. El método 3 de un solo paso de alto orden se aplica al analisis de respuesta sismica
no lineal y al control de conmutacion activo dptimo instantaneo. El modelo local T-S y el controlador estan disefiados, Record
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Introduction

A large number of earthquake damage and existing records show that the
earthquake will cause indelible damage to people’s lives and property. With
the development of China’s national economy and the progress of science
and technology, high-strength and light-weight building materials are widely
used in building structures (Altukhov et al., 2018), the stiffness and damping
of the structures are constantly reduced, and the building structures are more
sensitive to seismic excitation. In order to reduce the seismic response of the
building structure, in addition to studying the seismic design structure of
the bearing system of the building structure itself (Zhang et al., 2017), some
energy dissipation devices are set on the structure to increase the structural
damping and consume the seismic energy through the nonlinear deformation
of the energy dissipation materials, so as to reduce the seismic response of the
main structure and effectively suppress the structural vibration (Zhang et al.,
2016). Among these energy dissipation devices, the viscoelastic damper is the
most concerned one (Ding et al., 2016), because it has the following advantages
compared with other energy dissipation devices: as long as the structure starts
to vibrate under minor interference, it can consume energy immediately
(Zhang et al., 2018). Therefore, even in the case of small elastic vibration, it
also plays the role of earthquake control. This makes it not only suppresses the
seismic response of the structure but also avoid the problem of how the initial
stiffness of the damper matches the lateral stiffness of the structure existing in
other energy dissipation dampers (Wei et al., 2016); its “force-displacement”
hysteretic curve is similar to the ellipse, so its energy dissipation is very strong
(Bande & Choudhury, 2017).

Multi-model switching control is to approach the uncertainty and
nonlinearity of response with multiple models. Based on multiple models, a
controller (Viens et al., 2017) is established. Multiple controllers can be selected
to act on the same control object, so as to effectively control complex response
(Huang et al., 2018). It has nearly 40 years of development history. In recent
ten years, some scholars have proposed multi-model control based on model
switching. Many achievements have been made in theory and practice. The
T-S fuzzy system is a kind of dynamic response fuzzy identification method
proposed by Takagi and Sugeno. Its basic idea is to divide the input space into
multiple fuzzy intervals, approximate each fuzzy interval with a linear model,
and obtain the global model by local model interpolation. The larger the number
of fuzzy rules is, the higher the precision is. However, when the number of
rules of fuzzy reasoning is large, the calculation is complex and in some cases,
no common positive definite matrix can be found to meet the stability conditions
(Acerbi et al., 2016; Guo et al., 2017).

In this paper, multi-model switching control of nonlinear response
based on the local T-S model is proposed. The model controller is designed,
and the viscoelastic damper damping device is added to the building. Through
the switching control, the switching control of the seismic surface response is
realized.

Materials and methods

Combined stiffness matrix in the interlayer of viscoelastic damper and
herringbone support
Stress-strain relationship of viscoelastic damping materials

Let and be the stress and strain of viscoelastic damping materials
respectively. According to the research of Tsai and Lee, the stress-strain
relationship satisfies the fractional derivative relationship

S (iae)=(Go + Gy )V (ire) + Gy F (i) €8]
Where F (iAt) is the original time effect of strain, and its expression is

as follows:
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In the equation, G, 4, and 6 are all material parameters, which can be
measured by experiments. According to equation (1), the stress-strain curve of
viscoelastic damping material is an ellipse.

Stiffness matrix and switching control force vector of interlayer element

If the time interval is ¢, £ = iAt, according to the layer model, only one
direction (x-direction) of vibration is analyzed at a time, it means the relative
displacement of viscoelastic damper nodes along the X direction, then:

(R)=[B] aP=(Gy+ Gl)%[B]T [B){u}+Gar (iar)[B] )

In the equation, A is the acting area of the viscoelastic damper material;
h is the thickness of the viscoelastic damper material; {Pg} is the load vector of

the viscoelastic damper node, and only { P, } =[ R, By ]T along the X direction
is considered; {u} = {ul s uz} is the displacement vector of the viscoelastic

damper element node.

From Equation 4, it can be seen that the load vector of the viscoelastic
damper element is composed of two parts. The former one is similar to the load
vector generated by ordinary elastic elements, and the latter one is the restoring
force vector unique to viscoelastic damper elements, namely the vector of
energy dissipation switching control force of the element.

Let {P,,} be the vector of energy dissipation switching control force of

the element. According to equation (4):

{P.,}=G4F zAz)[B] _GIAF(zAt){ 11} 6))

Let the element stiffhess matrix of viscoelastic damper vibrate in one
direction (X direction) be [K e], and it can get from equation (4):

(k)= 6)arsfs) (8- ntearan) T -ml @

Where Ky = 4y /h(Gy+Gj) is the element stiffness coefficient of the
viscoelastic damper.

If the coefficient of element lateral stiffness matrix is K, and the lateral
stiffness matrix of the element is [Ks], then:

[Ks]=K, {_1] _1]} ()

3/2
Where, K, = 2E4 13 /((12 /2)2 +h3 | ;AL E 1, and h, are the elastic

modulus, cross-sectional area, span, and storey height of herringbone brace
respectively. After the herringbone brace and viscoelastic damper are connected
in series, the stiffness matrix of the interlayer element of the whole brace is as

follows:
K] . K2 1 - 1
K, |=——= 8

I: es:l K1+K2 {—1 1 ( )

High-order single step 5 method for nonlinear response analysis of seismic
surface

Considering nonlinearity, the equation of motion of shear-type structure
expressed by the relative displacement between layers under the action of the
seismic surface load is as follows:

[y (G b+ {7 == ] {4} x ©)
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Where, the restoring force of [M|], [C,] and {4} is calculated according
to the following equation:

Uy =[K Sy = T~ F oot = Klxi+ Fop KL xpp (10)

f— B ,

Phi=1 =Ky (11
_B . . . .

Where, f; are the current restoring force and the previous switching
control restoring force generated by the i-th layer; x; and xj are the current
displacement and the previous switching control displacement of the i-th
layer; P;/ and K/ are the plastic load and the current stiffness of the i-th layer
respectively; according to equation (9), (10) and (11), the motion equation after
entering the nonlinearity can be obtained as follows:

[ ] b fa o)+ KT i = =[] 4)

Where [K{] and {P; } represent the current stiffness matrix and plastic

—[P;}(lz)

load matrix respectively.

According to Equation 12 and the assumption of the high-order single-
step method, the equation for step-by-step integration can be obtained as
follows:

(=110}, (R, +L0n 04T,
RN gy~ (@214 [ [ ] )
(=[R20, +[P2 (), +[0n AT, 13
(R [T w} gy~ ([0 ]+ [Roa ) a7 {5
(7))

-1 r ,
0 =AU g [ ) [ 81 ], L1,
A new instantaneous optimal algorithm for active switching control
The equation of motion for active switching control of structural seismic
surface response is as follows:

w3+ LD o)+ Kol =~[ 1) g+ (B 19

Where {u} represents the »X 1 order switching control force vector and
[B] represents the nXr order position matrix of switching control force action.

The index function has energy meaning, and any instantaneous index
function can be taken as:

J= %{x}T m[K]{x}+ %{x}T (o[ M]+ w3 CT){x}
(B} ) (kT (8w}

Where, W, W, and W, are adjustable parameters of weight function.
Under the constraint of equation (14), let 6J,,,; =0, and then it can get:

[8H{u}, 1 =[x}, (D2 ]{x}, =[] (], +[Da {1} xgnnn (16)

In order to achieve closed-loop switching control, [ D {1} -xg, is

(15)

removed, so 0J,,; of each step is no longer zero, that is, each step is only
approximate optimization

[(8){u} ., =[x}, +[D2][+], - [ s ){}, a7

From the above equation, the current applied switching control force
{u}n 1 can be obtained.
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Controller design

The parallel distributed compensation algorithm (PDC) is used to design
the local state feedback controller in the same region. The fuzzy control rule i
in the same region is as follows:

if z; (t)is M; and...and z, (t) is My, then u; (t) = —Kix(t) (18)

Therefore, the region controller (e.g., the g-th region R, q €Y9) is
expressed as:

Uy =—Zh,- (z(t))K,-x(t) (19)

The global controller u(t) is actually the output of the current regional
controller selected by the multi-model switching strategy, which can be
expressed as u(f)= () where a(t):[O,oo) —>5S= {1,2,...,5} is a piecewise

Us (1) . I
is generated by switching
Uy q € S, which

constant function depending on time ~ or state,
in the controller set {uy,u,,....u }, and has the form o) =

—ihj (2(0)&x(2) (20)

According to equation (20), the closed-loop fuzzy control system can be
deduced as follows:

=2, 2l

i=l j=1

can be further written as,

(=(0)) [ 45 = BiK Jx (1 )

Stability of nonlinear response of multi-model switching control based on
local T-S model

The Lyapunov stability results of the multi-model switching response are
all based on the following assumptions: limited switching times between local
models in a limited time (Wang, 2019).

For the convenience of the following proof, the switching function of
the multi-model switching control is described by the characteristic function
Vg (z(z)), namely:

1 z(t)ERq

Yq (Z(’)):{Oi ()R,

It means that when the variable z(¢) is in the region ¢, the controller
g corresponding to the current region u, is selected by multi-model switching
control. As a global controller u(f), controllers in other regions do not work.
Therefore, the global closed-loop control system and global controller of
nonlinear reactive multi-model switching control based on local T-S model can
be described as follows:

22 Vghgi A ix+quu} (23)

g=1 i=1

u—zz vghaiK. (24)

g=1 i=1

qES:{l,...,s} (22)

Note: for the convenience of writing, x, v , 4, and u are used to represent
the corresponding x(r), v, (z (t)), hyi (z (t)) and u(r), the same below.

Substituting equation (24) into equation (23), the global closed-loop fuzzy
control system can be expressed as follows:

ZZZ”qhqth Agi = ByiKyj | ©5)

q=1 i=1 j=1
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Lemma 1 If at any time ¢, the number of activated fuzzy rules is less than
or equal to r, then there are:

S

) RIEEES 2 NI @6
q=1 i=1 gq=1 i=l i=j
Prove According to this lemma:

S

2
D RNEEES 2 o
q=1 i=1 gq=1 i=l i=j
@n

1 S r 2
= r_lzzzvq[hqi—hq]} >0

q=1 i=l i=1

From lemma 1, we can easily get lemma 2 as follows.
Lemma 2 If at any time  is less than or equal to 7, 1 <# <1, then there

s !
2
v he—

q=1 i=1

are:

Pt =0

28)
g=1 i=l i=j

Theorem It is assumed that at any time t, the number of activated fuzzy
rules is less than or equal to # and . If there is a common symmetric positive

definite matrix p and semi-positive definite matrix O , the following linear
matrix inequalities are obtained:

T
quip + quu +(’7 1)Qq <0 (29)

T
quj +Gq/i Gq/l +qui
R Al e

Then the global closed-loop control system (25) based on the local T-S
model is asymptotically stable. Where, Gy;; = 44; — ByiKy;.

]—Qqso,i<j (30)

Prove Let Lyapunov function V' (x) =x TPx, where P is a positive definite
matrix. Along any trajectory of the closed-loop system (25), the derivative of
V(x) with respect to time is:

—BK)T
T3 N

g=1 i=1 j=1 p+p(Aqi_quK611')
2
P qhqt |:qup+quii]x @D
E— ZZZZUqhq,h x! Gx
q=1 i=l i=j
Where:
(32)

quj+G Gq/i+qui
2 pep 2

According to equation (29), (30) and Lemma 2, there are:

DN W CTVIIES NN AL

gq=1 i=1 q=1 i=l i=j

ZZUqthx |: q”p+qu“]¥+ -1 ZZUq 5% qu—

q=1 i=1 q=1 i=1

Zquhqlx |:G;~pr+ PGyii +( - I)Qq:|x

g=1 i=1

From equation (29), when x(f)# 0, there is V' (X(Z)) #0, so the global
closed-loop control system (23) based on the local T-S model is asymptotically
stable under the action of the global controller (24).

(33)
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According to the stability conditions of the above theorem, based on
LML, the design of feedback controller and local feedback gain K, is to find
a common symmetric positive definite matrix W, semi-positive definite matrix
Y and matrix M_, which makes the following linear matrix inequalities to be
enabled:

T T T
WAg; + AgiW — Mg;By; = ByiMg; +(n—1)Y, 0 (34
WAL + AgW + WAL + 4, W — MLBL, — By — ML BY
(35)
—ByM,;—2Y, 0.ij

Where W = p~!, My; =KW, Y, =WQ,W. With the help of the LMI
toolbox in MATLAB, the feasp function is used to find the feasible solutions of
WY and M, which satisfy the inequality. Then the local feedback gain

matrlx Pand 0, are obtained, that is, K ,; = MW~ “Lp=w~ Qq j242

Results

Project overview

A comprehensive building is a ten-story reinforced concrete frame
structure, the height of the first to the third floor is 4.8m, the height of the fourth
to the tenth floor is 4.2m, and the total height is 43.8m. The design of seismic
crack resistance is 8 °, class Il site. The viscoelastic damper is placed on the top of
herringbone support, beam KL1 is 550mm % 250mm, KL2 is 300mm x 250mm,
column section size is 500mm x 500mm, and steel support area is 4260 mm?>.

In the design of viscoelastic damper support, under the principle of
reducing project cost, the stiffness of viscoelastic damper support should be
increased as much as possible to ensure that viscoelastic dampers can produce
enough restoring control force. In this design, ZN22 damping material produced
by a factory is selected as the viscoelastic damping material, with material
constants of G, A and 0 of 588, 2287, and 100.0, respectively. The unit is kN-
m, and the area of single viscoelastic damping material is 0.7x0.7=0.49m?, the
thickness is 3mm, and the working temperature is 20 °C.

Calculation results and analysis

In order to verify the performance of the method in this paper, the time
history analysis and calculation of the nonlinear seismic response of the structure
supported by the viscoelastic damper (VED), the structure only supported by
the same type of steel herringbone support and the original pure frame structure
are carried out respectively. In the calculation, the El-Centro seismic surface
acceleration record with a duration of 10.0s (its predominant period is 0.55s)
is selected for the seismic surface wave. Considering the rare seismic surface
action, the seismic surface acceleration X _is 400gal. The calculation results of
the maximum displacement of each floor of the three structures are shown in
Figure 1.

250
® Equipped with Ved
structure
200 | .
B Support structure with
only human font
- 150 Pure frame construction
2
100 |
50
0

The layer number

Figure 1. The horizontal displacement of each layer of the structure
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Table 1 shows the cracking and entering plasticity of the three structural
layers.

Table 1. Structural layer cracking and entering the plastic stage

Cracking 1 ~ 3 layers
Structural layer with Ved
The inelastic There is no
Only diagonally supported Cracking 1~ 6 layers
structural layers The inelastic 1 layer
Cracking 1 ~9 layers
Pure frame structure layer
The inelastic 1 ~ 4 layers

It can be seen from Figure 1 and Table 1 that the displacement of the top
layer and the shear force of the bottom layer of the structure with viscoelastic
damper support is reduced by about 35% compared with that of the structure
with herringbone support only, and about 70% compared with that of the pure
frame structure; the number of cracking layers of the structure with viscoelastic
damper herringbone support is reduced, the plastic stage of the structure layer is
avoided, and the collapse of the structure is prevented. The viscoelastic damper
can produce a strong energy dissipation control force, significantly increase
the energy dissipation capacity of the whole structure, weaken the seismic
ground load transmitted to the mainframe structure, and achieve the purpose
of structural vibration switching control. The results show that this method
can accurately reflect the seismic response of the structure with a viscoelastic
damper, and it is a more practical and accurate calculation method.

Comparison of maximum interlayer displacement

The lateral stiffness K, of each floor of the ten-story complex building
is 3.4%10% 3.26X10%, 2.85%10%, 2.71 X 10°, 2.69x 10°, 2.43 X 10°, 2.23 X 10,
2.07x10% 1.69%x10°, 1.37X10°kN/m. The layer damping coefficient C,
of each floor is 490, 467, 410, 386, 375, 348, 298, 274, 243, 196 kN-s/m
respectively. The ground motion acceleration lasts for 8.5 s, and the maximum
acceleration is 0.1g.

Fig. 2 shows the switching control effect of the proposed method on the
seismic surface response by comparing the maximum displacement time history
under the condition of free and no switching control with the displacement time
history under the switching control imposed on the top layer of the proposed
method (weight function is W = W = W _=168).

0.015
0.01

® Free and uncontrolled

0.005 H Article method

-0.005

Displacement (m)

-0.01

-0.015

0.02 -

Time(s)

Figure 2. Maximum interlayer displacement response

It can be seen from Figure 2 that the switching control effect of the
proposed method is more and more obvious with the change of time history.
Here, the selection of weight function is selected through comparison.
For different structures, the selection of weight function is different. Even for
the same structure, different weight functions will lead to different switching
control effects. When the weight function is not selected, it will lead to out
of control.
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Figure 3 shows the comparison of the maximum displacement time
history of three different weight functions, where a is the applying switching
control force on the top layer, and the weight function is W = W,=168, W.=0;
b is the applying switching control force on the top layer, and the weight function
is W= W= W_=168; c is the simultaneously applying switching control
force on the fourth, sixth, eighth and 10-th layers, and the weight function is
W, = W_=1000,W,=10000.

0.008 -

0.006

0.004

o
Q
=]
e}

Displacement (m)

-0.002

-0.004

-0.006 -

Time(s)

Figure 3. Maximum interlayer displacement response

It can be seen from Figure 3 that the change of W in the weight function
has no obvious effect on the control of the maximum displacement. The effect
of multi-layer simultaneous application of switching control force is more
obvious than that of only the top layer.

Figure 4 shows the calculation results of switching control force applied to
some layers and all layers. Among them, c is the switching control force applied
on the 4th, 6th, 8th, and 10th floor, with weight function of W =W,=1000 and
W,=10000; d is the switching control force applied on the 4th, 6th, 8th and 10th
floor, with weight function of W = W,=200 and W,=2000; ¢ is the switching
control force applied on the 10th floor, with weight function of W = W_,=200
and W,=2000.

0.004 -
0.003 ~
0.002 -~

0.001 -~

Displacement ()

-0.001 -

-0.002 -

-0.003 -

Time(s)

Figure 4. Maximum interlayer displacement response

It can be seen from Figure 4 that the selection of weight function has an
impact on the control effect, and the control effect of switching control force
applied to all layers is significant.

Maximum interlayer displacement response in a closed-loop state

In the nominal case, that is, when there is no perturbation in the
controller, the multi-model switching control method based on the local T-S
model is applied to design the controller, and the reaction process is convergent
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and stable; when there is a perturbation in the controller, the controller in the
nominal case is still applied to realize the switching control for the reaction,
and the reaction process is divergent and unstable. In both cases, the maximum
interlayer displacement response in the closed-loop state is shown in Figure 5.

0.007 -

0.006 - B When not perturbed

0.005 - ® When the perturbation

Displacement {m)
o o2 o
(=] (=] (e}
(=] (=} =}
~ @© B

0.001

0

-0.001 -
/s
Figure 5. The closed-loop maximum inter-layer displacement response of
conventional switching control

Assuming that the controller has the same additive perturbation as in
the previous case, the controller is designed by the method in this paper. The
maximum interlayer displacement response of the closed-loop state is shown in
Figure 6, and the reaction process is convergent and stable.

0.00002 -

-0.00002 -

-0.00004 -

-0.00006 -

Displacement (m)

-0.00008 -

-0.0001 -

-0.00012 -
t's
Figure 6. In this paper, the closed-loop state maximum inter-layer
displacement response of the controller is presented

It can be seen from Figure 5 and Figure 6 that when the controller itself
does not have perturbation or is disturbed by perturbation, the controller
adopting the method in this paper can obtain good performance and keep stable.
The simulation results show the effectiveness of the proposed method.

Discussions

In the actual control process, the output variation range of the controller
is limited (Yoon et al., 2016; Friederich et al., 2018), so its pole assignment is
constrained when designing the controller. The multi-model switching control
method proposed in this paper is used to divide the input space into several
regions. Considering the actual constraints, poles can be flexibly allocated
in different regions (Gao et al., 2016; Liu et al., 2016). Local controllers
can be designed in each region, and then through the switching control, the
approach and control of the overall nonlinear response can be realized, so that
the controller can be avoided. The output saturation can also guarantee the
convergence speed (Cheng et al., 2016). For the reaction with a wide range
of parameters, the effectiveness will be more obvious. High-order single step
B method can obtain better switching control effect than other instantaneous
optimization algorithms (in the past, the switching control effect of other
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algorithms is generally about 50% - 70%) (Li et al., 2016); adding damping
term in the switching control index function has an impact on the switching
control effect; for the value of weight function, there is the problem of optimal
selection (Zhan et al., 2016); there is a problem of optimal switching control
layer combination in multi-level switching control.

The proposed method can be applied to the design of controllers with
a large range of response parameters and dynamic changes of subsystems. In
addition to the application of this paper in the study of switching control of
seismic surface response, it can also be applied to the air-to-air vehicle, for
example. Because the air-to-air vehicle has the characteristics of time-varying,
uncertainty and nonlinear coupling, the parameters of system response vary
greatly, and a single dynamic model has no way to accurately describe the
actual changes of the system (Yang & Long, 2016). Therefore, the method
proposed in this paper can be used to approach the dynamic performance of
the system, a multi-model controller is designed based on the multi-model, and
multiple controllers can be selected to act on the same control object, so as to
effectively control the complex system of an air space vehicle. The switching
control of nonlinear response is still a problem that needs to be further studied.
Because the nonlinear response model is difficult to establish and control, it can
use multiple linear models to approach the nonlinear model, or use multiple
simple nonlinear models to approach the complex nonlinear model, and then
establish the multi model controller, which will have a good control effect on
some nonlinear systems.

Conclusions

In this paper, a nonlinear response switching control method based on
the local T-S model is proposed. By calculating the stress-strain relationship
of viscoelastic damping materials, the stiffness matrix and switching control
force vector of interlayer element, the herringbone support structure of
viscoelastic damping material is applied to interlayer element, and the relative
displacement of interlayer element is calculated by high-order single step 8
method combined with nonlinear seismic surface response analysis, which is
used to represent the movement of shear structure under the seismic surface
load. The controller is designed based on the local T-S model. By switching
control, the nonlinear response of the whole seismic surface is controlled.
In this paper, the switching control effect of the method for seismic surface
response becomes more and more obvious with time. When the controller has
additive perturbation, the convergence speed of the state response of the method
in this paper is fast and stable, which shows the accuracy of the method in this
paper for the switching control of seismic surface nonlinear response.
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