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Abstract—1In this paper, a control strategy to mitigate the
vibrational response of adjacent buildings under seismic ex-
citation is presented. The proposed strategy combines inter-
building passive actuators with active actuators placed in the
building stories. The main ideas are presented by means of a
simplified two-building model; however, a semi-decentralized
overlapping approach via the inclusion principle has been used
to impose a proper information exchange structure suitable for
wireless control of large buildings. Numerical simulations have
been carried out to assess the performance of the proposed
methodology with promising results. The overall control sys-
tem exhibits some degree of fault-tolerance since only partial
degradation of the control performance results from partial
failures of the control system.

I. INTRODUCTION

Over the last few decades, structural vibration control of
large civil engineering structures has become an increasingly
active research field. In recent years, the Connected Control
Method (CCM) has been proposed as a viable means to
protect adjacent flexible structures against earthquakes. In
the CCM, two independent structures are linked together
by coupling devices to provide appropriate reaction control
forces. The application of the CCM using different kinds of
passive, active, or semi-active control strategies have been
investigated in a number of papers [1], [2], [3], [4], [5];
in all these works, the control actuators are located in the
coupling devices

Also recently, wireless communications has made a sig-
nificant impact in the area of vibrational control of large
buildings [6], [7]. The use of wireless communications,
instead of the classical coaxial wiring, can critically re-
duce the installation and maintenance costs; furthermore,
it can also add flexibility to the control system, allowing
the implementation of new control strategies without costly
modifications. However, to improve the communications
robustness and to achieve higher sampling frequencies in the
real-time control operation, the controllers need to operate
using local information provided by neighboring sensors.
Consequently, a decentralized control approach is required
for a realistic treatment of Wireless Networked Control
Systems (WNCS). In this context, overlapping controllers
designed via the Inclusion Principle can be a specially
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suitable control strategy for large-scale WNCS, reducing
the design and operation computational effort and providing
semi-decentralized controllers which satisfy the information
exchange constraints, [8], [9].

The aim of this paper is to design a decentralized con-
troller for large adjacent buildings suitable for wireless
implementation. To this end, we consider a two-building cou-
pled system with the following control structure: (i) Every
story is equipped with an ideal active actuator, (ii) passive
actuators are located at the linking elements, (iii) in each
building, the active actuators are operated by an independent
local controller, (iv) for large buildings, the local controller
has a semi-decentralized overlapping structure, suitable for
wireless implementation.

Due to the complexity of the overall system, we have
chosen a minimal configuration that allows a clear presen-
tation of the main ideas while maintaining the generality
of the approach. This configuration consists of a three-story
building, which is considered as a large building, linked to
a two-story building. For this system, local controllers have
been independently designed: a standard LQR state-feedback
controller for the two-story building, and an overlapping
state-feedback LQR controller for the three-story building.
The linking passive actuators have been modeled as vis-
coelastic dampers. A centralized state-feedback LQR control
for the overall system, which has been taken as a reference
in the performance assessment, has also been computed.
Numerical simulations have been conducted to assess the
performance of the proposed methodology.

The paper is organized as follows. In Section 2, a simpli-
fied model of the two-building coupled system is provided.
Section 3 presents a brief summary relative to the Inclusion
Principle. In Section 4, the decentralized overlapping con-
troller and the reference centralized controller are computed.
Finally, in Section 5, numerical simulations of the free and
controlled responses are presented and compared.

II. TWO-BUILDING COUPLED MODEL

In this section, a simplified mechanical model for a two-
building coupled system formed by a three-story building
and a two-story building linked by viscoelastic dampers is
presented.The buildings motion can be described by

Mj(t) + C4(t) + Kq(t) = Tau(t) —-MTyo(t), (1)

where M is the mass matrix; K, and C are the total stiffness
and damping matrices, respectively, including the buildings
stiffness and damping coefficients as well as the stiffness
and damping coefficients of the viscoelastic dampers; ¢()
is the vector of relative displacements with respect to the



ground; u(t) is the vector of control forces, and Ty=Isx5 is
the control location matrix; Ty is the index vector with all
its elements equal to 1, and ®(¢) is the ground acceleration
(see Fig. 1).
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Fig. 1. Structural model for adjacent buildings

With the notations indicated in Fig. 1, the matrices in

equation (1) have the following structure:

M = diag [mgl),mg),mgw,m(lr)ym(zr)} )

2)
C=C+C% K=K°'+K¢,
where the story damping matrix is
CL 0
CSZ[OL CRL 3)
with
C§I>+C(21) 7C(21) 0 C(l')*‘rt(zr) 7C(2r)
CL = 7c<2l) cg)+cg[) 7c(3l) 5 CR = . (4)
UG UL
0 —c3 3

The stiffness matrix of the adjacent buildings is

KL 0
K=& 5)
with
! ! ]
) o (") 4D 40
0 0,0 0 Ktk
Ko=| & ') )|, Kr= 0 ol (6)
0 7k§1) kgl) K 2
The damping matrix of the viscoelastic dampers is
[ D 0 0= 0]
(d) (@)
0 ¢ 0 0 —c5
cl= o 0 0 0 0], @)
D0 0 Ao
L o =P 0 o Y]
and the stiffness matrix of the viscoelastic dampers is
[ KD 0 0k 0]
o K0 o &Y
K9 = o 00 o0 o0]. ®)
0 0 KD o
o K0 o K]

From the second-order model (1), a first-order state space
model can be derived

S:x(t) = Ax(t) +Bu(t) + Ew(t),
¥(1) = Cyx(z),

where the state vector x(t)€R!? groups together the displace-
ments and the velocities arranged in increasing order, that is,

(1) =[q1(0):41(0), -, q5(1),45(1)]"

where ¢;(1) = qfl)( 1), i=1,2,3, is the displacement relative
to the round of the zth story in the left building, and
q4(t)=q ) gs(t)= qé )( t) denote the corresponding ones for
the rlght building. The matrices of the state-space model
used in the controllers design and the response numerical

simulations are

)

(10)

o 1 0 0 0 0 0 0 0 0
6201 =02 3100 01 0 0 0 0 0 0
o 0 o 1 0 0 0 0 0 0
300 0.1 -6201 09 3100 01 0 0 0 08
A— 0 0 0 0 o0 o 0 o0 0
0 0 3100 0130001 0 0 0 0]
0 0 0o o0 0 0 0 1 0 0
0 0 0 0 0 0 -3100-02 1550 0.1
0o 0 0 0 0 0 0 o0 o0 1
0 0 0 08 0 0 150 0.1 155 —0.9
0 0 0 0 0
07752 0 0 0 0
0 0 0 0 0
] 0 072 0 0 0
B=107"x1 § 0 0772 0 o |
0 0 0 0 0
0 0 0 0772 0
0 0 0 0 0
0 0 0 0 07752
T

E =1[0,-1,0,—1,0,—1,0,-1,0,~1

10 0000 0000
10 1000 0000
G,=|00-1010 0000
00 0000 1000
00 0000 -1010

(1D
It should be noted that the output matrix C, extracts the
inter-story drifts of the buildings, that is,

y0) = [0 0 008 0]

i n ! N . r ro(r
where y(l) zq(l), y,O 245421 —qﬁ), i=1,2, y(1)=q(1), y(z) =

4" — 4\ The matrices in (11) correspond to the follow-
ing particular values of the mass, damping and stiffness
coefficients: m,(l)z Er) 1.29%10° Kg; c,(l) Er) 10° N s/m;
k"=4x10° Nm; &\7=2510° Nim; ¢{”'=0, ¢3"=10°Ns/m;
kﬁ»d)=0, for i=1,2, 3, j=1,2. A detailed derivation of the first-
order state-space model can be found in [6].

12)

ITI. INCLUSION PRINCIPLE

In this section, the definition of the Inclusion Principle
together with the design of overlapping controllers are briefly
presented. A rigorous treatment can be found in [9], [10],
[11], [12], [13].

Consider a pair of linear systems

S: x(t) =Ax(t) +Bu(t), S:
y(t) = ny(t)v

%(t) =Ax(t) +Ba(r)

N T (13)
y(t) = G (),



where x(¢)€R", u(r)eR", y(t)éRl are the state, the input,
and the output of S at time >0 and %(r)eR", i(r)eR",
y(r)eRl are the state, the input, and the output of S. A,
B, Cy and A, B, C, are nxn, nxm, I xn and iixi, iix,
I'x7i dimensional matrices, respectively. Suppose that the
dimensions of the state, the input, and the output vectors
x(t), u(t), y(t) of S are smaller than those of %(¢), i(t), ¥(¢)
of S. Let x(t;x9,u) and y[x(¢)] denote the state behavior and
the corresponding output of S for a fixed input u(¢) and for an
initial state x(0)=xo, respectively. Similar notations ¥(¢; %o, i)
and $[%(r)] are used for the state behavior and output of the

system S.
Let us consider the following linear transformations:

V:R' — R, U: R —R",
R: R" —R", 0: R" —R", (14)
T:R —R, S: R —R,

where rank(V)=n, rank(R)=m, rank(T)=/ and such that
uv=l,, OR=I,, ST=Il;, where I,, I,, I; are the identity
matrices of indicated dimensions.

Definition 1: (Inclusion Principle) A system S includes
the system S if there exists a quadruplet of matrices
(U,V,R,S) such that, for any initial state xo and any fixed
input u(r) of S, the choice

Xo = Vxo,
_ 15)
i(t) = Ru(t), for allt >0

of the initial state %, and input 7(z) of the system S, implies

x(t;x0,u) = UX(t; %o, i),
y[x(z)] = S9[x(¢)], for allz > 0.
Suppose that the pairs of matrices (U,V), (Q,R) and (S,T)

are given. Then, the expanded matrices A, B, and C’y can be
expressed as

(16)

A=VAU+M, B=VBQ+N, C,=TCU+L, (17)

where M, N and L are complementary matrices of appro-
priate dimensions. In terms of complementary matrices, the
inclusion principle can be established in the following way.

Theorem 1: A system S includes the system S if and only
if UM'V=0, UM'~"'NR=0, SLM'~'V=0 and SLM'~'NR=0 for
all i=1,2,...,74.

Two particular forms of the inclusion principle, called
restrictions and aggregations, are normally used in practice
[9]. In this paper, a restriction has been chosen.

Proposition 1: A system S is a restriction of the system
S if and only if MV=0, NR=0 and LV=0.

Let us suppose that the system S given in (13) admits an
overlapping decomposition. In terms of the system matrices,
this assumption means that A, B and C, present a block

tridiagonal structure

A Apt O By Bp1 0
A= | Au A | Ax | B— |By 1 By | B |
767'714;27 As3 67:3227 B33
| |
- \ (18)
G Gzt 0
o (CECIC
0 :(Cy)Sz (C))33

where A,’,’, B,’j, (Cy),’j, i,j=],2,3, are n; Xn;, njxXmj, l,‘Xi’lj
dimensional matrices, respectively. The partition of the
state x=(xT,x7 ,x3T)T has components of respective dimen-
sions ny, ny, n3, satisfying nj+np+nsz=n; the partition of

u:(ulT,uzr ,u3T )T has components of dimensions mj, my, ms,

such that mj+my+ms=m; and y=(y!,y%,y1)" has components
of respective dimensions [y, b, I3, satisfying [y ++3=l.
The controller design starts with the selection of the

expansion transformations

Iy 0 0 Iny 00 Iy 00
| 0y 0 | 0wy 0 _lon 0
V=14 I, 0 P R=1 Iy 0 |7 r=1, I, 0 (19)
0 0 Iy 0 0 Iny 00 1
with their corresponding pseudoinverse contractions
(I, 0 0 0 Iy 0 0 0
U=|0 3y 3y 0|, O=1|0 3lny 3lmy 0 |,
0 0 0 1 0 0 0 I
- " " (20)
L, 0 0 0
S=10 31, 41, 0 |,
[0 0 0 1

where U=(VTV)~'vT, Q=(RTR)~'RT, S=(1"T)7'TT.
Then, the expanded matrices A=VAU, B=VBQ, C,=TC,U,
have the form

An %Alz : %Alz 0 By %312 : %312 0
i Ay 1Ay : 140 Ax 3 By 1By : 1By By
=|l----------—--—- s =|l------—-—-—
Ajy %Azz : %Azz Anz By %Bzz : %322 B3
0 14y : 143 Az 0 1Bjy : 1By Bi
C)1 3 &) | 3G 0
- (©)a1 3G | 3G (Gy)as
y: —_—— ——— = ——— ===
(©)21 3G | 3G (G
0 1(Cyxn : 1) (€)3
(21)

In order to get an almost-decoupled expanded system, we add
complementary matrices as indicated in (17). In the case of
a restriction, these matrices have the form

[0 1A —3Ap 0 0 1Bp 1B 0
M= 0 %Azz —%Azz 0 N = 0 %322 _%BZZ 0
) 7%/-\22 %Azz of”’ o 7%322 %322 of’
_0 7%1432 %A32 0 0 7%332 %332 0
0 3¢ -3¢ o
L— 0 3G —3(G)xn 0
o *%(Cy)zz %(C)')ZZ 0f”
10 —3(C)n 3(C)xn 0

(22)



resulting
Al A : 0 0
A Ay ! A
o A Ap 21 Axn 23
A - A + M |:A21 A~22 7777777777777 ?
Ay O Axn  Ax

By B ; 0 0
By By ! B
~ By Bpn 21 Bn 23
B=B+N= [ ’ ]— _____________ 7
+ By By By 0 : By Bos
0 0 | Bn By
C) G2} 0 0
Sn (G €)n ()2} O (G
C,=C,+L ~ = | - L ___
y=Cy [( y)21 ( y)zz] €21 0 (G (G)3
0 0 | (G)x (G
(23)
The expanded system can be denoted by
S: &) =Ax(t)+Bil(r),
(1) (t) +Bilr) 4)

3(1) = Cyx(t),
with state ¥ =(x7,x3,x2 %), input &’ =(ul,ul ,ul ,ul), and
output 7 =(yT,y7" .y yI'). Using the block notation given in
(23), we can write

Si: #1(t) =A% () +Bridn(t) +An®a(t) + Braiia (),
(1) = (G () + (G ®a 1),
Sy Xa(1) = A %o () + Bop i (1) + An1 %1 (1) + Boy ity (1),
(1) = (G171 (1) + (Cy)22 Ra(1),
(25)
where xl (x1T7x2) i =(uf uj), 51=0{,¥3). G=(x],x7).

id=(ul,ul), 37=(y7,y7). By removing the interconnection
blocks, two decoupled expanded subsystems result

Sm fl(t) = ~1 X1 ( )+B11M1( )
oGm0, 26)
S, %a(t) =Ani(t) + Bnia(t),
(1) = () ia(0),
which define a decoupled expanded system
S, : )f(t):z&gi(tz + B, i(t), o
y(t) = (Cy)Dx(t)a

where A, B, (Cy), are block diagonal, A =diag{A;,A»},
Bj,=diag{B11,B2} and (C,),=diag{(C,),,,(C))y,}. At this
point, a expanded decentralized controller i, (t)=K, (¢) for
SD can be designed by independently computing local con-
trollers for Si)l) and SS)

Definition 2: (Contractibility) Suppose that Sisan expan-
sion of the system S. Then, a control law ii(¢)=K %(t) for S
is contractible to the control law u(f)=Kx(z) for S if there
exist transformations as in (14) such that, for any initial state
xo€R" and any input u(r)eR", if £=Vxo and i(r)=Ru(t)
then Kx(t;x0,u)=QK%(t;Vxo,Ru) for all t>0.

Proposition 2: Suppose that S is an expansion of the
system S. Then, a control law ii(f)=K %(¢) for S is contractible
to the control law u(t)=Kx(¢) for S if and only if QKV=K,
QKM'V=0, QKM~'NR=0, for i=1,...,/i

According to Definition 2 and Proposition 2, the expanded
decentralized controller ,(t)=K, %(t) can be contracted to
an overlapping controller u(f)= K, x(t) to be implemented
into the original system S. The contracted gain matrix is
computed as

|
K K1 0
- e
K,=QK,V = 7K7217:7K7227| Ky |, (28)
0 |K32 K33
|

which has a desired block tridiagonal structure.

Decentralized Controllers Design

In this paper, the independent local controllers for S:)l)

and SS) have been designed as optimal LQR controllers;
however, it is clear that other control strategies could have
been used. More precisely, for the expanded decoupled
subsystems Sg " and Sl()z >, let us consider the local quadratic

cost functions

y oo (0) = [ 00 0+l (R (1) ar

~(2) - Ak ~ *
I Gsial0) = [ [ (0005500 + 3 ()R 0)]
(29)
where %, and X,, are the initial states of SI()U and Ss)

respectively, and QF, 05, R} and R; are appropriate expanded
matrices. The gain matrices for the control laws that mini-
mize the cost functions given in (29)

() =Kixi(t), i) =Kxl), (30)
can be independently computed as
.. ~1—1 =7 = . ~1—1 =7 =
K =[R]] Bh, K=[R] Bih, 3D

where P, and P, are the solutions of the corresponding
Riccati equations. In the decoupled expanded system SD, the
gain matrix of the controller i(¢)=K, %(¢) which minimizes
the cost function

T (Gyei(1)) = /0 TR (00 + i

with Q*—d1ag{Q ,05} and R*—dlag{R R2} can be written
as a block diagonal gain matrix K* dlag{K*,Kz} Finally,
the expanded decentralized controller L (1)=K, %(t) is con-
tracted to an overlapping controller u(t ) K, x( ) to be im-
plemented into the original system S. The contracted gain
matrix is computed as

()R a(r)] di, (32)

K,=QK,V (33)

which has the desired block tridiagonal structure shown in
(28).



IV. CONTROLLER DESIGN

In this section, a centralized controller and a decentralized
overlapping controller are designed for the system (9) defined
by the matrices given in (11). In the overall coupled model,
the buildings are linked by a single damper, with damping
constant céd):lOGNs/m, located at the second story. This
can be considered as a minimal configuration of the passive
control system, in the sense that the numerical simulations
show that no significant reduction of the vibrational response
results when a similar second damper is placed linking the
first stories, or elastic linking elements are considered. In
terms of the damping and stiffness coefficients, this means
\=0, K9=k=0 (see Fig. 1).

Centralized State-Feedback Controller

The centralized LQR controller is computed using the
overall coupled model and the cost matrices Q*:C},T G,
R*=10_17><15, which define the quadratic cost function

J(x,,u(t)) = /Ow (X" (1) Q" x(t) +u” (1)R*u(t)] dt,
_ /0 Ty i (OR u(r)] dr.

The resulting gain matrix is
K. =10"x
1.140 0522

(34)

0.325 0.022 —0.221 —0.013 —0.075 0.003 0.091 0.016
—0.218 0.022 1.459 0.509 —0.109 0.009 —0.073 0.012 0.159 0.025
0.115 —0.013  0.096 0.009 1.139 0.531 0.551 0.021 —0.296 0.026
0.107 0.003 0.203 0.012 —0.340 0.021 2.267 0.744 0.204 —0.010
0.059 0.016 —0.834 0.025 0.565 0.026 —0.451 —0.010 2.686 0.732

(35)

The gain matrix K. is a full matrix and, consequently, to
compute the control action for any actuator, the knowledge
of the complete state in both buildings is required.

Decentralized Overlapping Controller

For the decentralized controller, we follow a two-level de-
centralized approach. At the first level, the linking elements
are ignored, and a controller is independently designed for
each building. At the second level, an overlapping controller
is designed for the left building, which is considered as a
large building. More precisely, we consider the left building
as composed by two overlapping subsystems §]()1)=[1,2} (first
and second story) and S?:[Z, 3] (second and third story),
with an overlapped part in the second story. In the expanded
space, the following matrices are used:

~ 1000 ~ 1 000
(&)= [71 01 0}’ (G2 = [71 01 0}’
=~ -~ T ~ =~ ~ T ~
01 =(G)n (G, 05 = (G (Cy),

R =10""x1, R=10""x1.

(36)

to compute a decentralized expanded LQR controller, which
is subsequently contracted to obtain a local overlapping
controller for the left building with block tridiagonal gain
matrix Kél). Regarding to the right building, matrices (Q*)(")
and (R*)") with the same structure as those shown in
(36) are used to independently design a local LQR con-
troller with gain matrix K (") The gain matrix for the overall

system is finally obtained as the block diagonal matrix
K0=diag{K0(l),K ()}, In our particular example, we have

K, =107 x
0.835 0.441 0.411 —0.049 0 0 0 0 0 0
—0.414 —0.024 1.039 0.494 —0.001 0.005 0 0 0 0
0 0 —0.002 0.009 1.246 0.557 0 0 0 0
0 0 0 0 0 0 2.485 0.781 —0.015 0.007
0 0 0 0 0 0 —0.015 0.007 2.470 0.788
(37

The gain matrix K, is a structured matrix that allows to
compute the control action for any actuator using only the
local state of the corresponding building. Moreover, for the
large building, the control actions can be computed using
only the state of neighboring stories.

V. NUMERICAL SIMULATIONS

In this section, numerical simulations of the free and
controlled responses of the two-building system, using the El
Centro 1940 earthquake as acceleration input, are presented.
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Fig. 2. Left building inter-story drifts and control forces

The maximum absolute inter-story drifts, and the max-
imum absolute control actions are displayed in Fig.2 and
Fig. 3. Four different situations are showed: (i) free response
of the uncoupled system (denoted by F in the legend);
(ii) free response of the coupled system, i.e., response
under passive control (denoted by P); (iii) response of the
coupled system under the centralized full-state feedback
control (denoted by C); and (iv) response of the coupled
system under the decentralized overlapping control (denoted
by O). The graphics show that a remarkable reduction of
the vibrational response is achieved by the passive control
system. Regarding the active controllers, the performance of
the decentralized overlapping control is certainly excellent:
despite the decentralized design and the restricted exchange
of information, the decentralized controller behaves practi-
cally the same as the overall centralized controller.

The obtained results, the different characteristics of passive
and active control elements, and the exceptional conditions
under which a seismic protection control system must work,
suggest the combination of both kinds of control elements to
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Left Building Right Building

1 1 1
R R | N I
Free 271 | 213 | 1.17 || 3.16 | 1.95
Passive 1.65 1.32 | 0.72 1.81 1.10

Centralized 0.59 | 0.49 | 0.28 || 0.65 0.42

Overlapping | 0.62 | 0.52 | 0.30 || 0.65 0.42

Left failure 1.24 | 1.03 | 0.61 || 0.68 0.43

Right failure | 0.65 | 0.54 | 0.31 1.64 1.03
TABLE I

Maximum absolute inter-story drifts (cm)

design an active-passive fault-tolerant decentralized control
system. From this point of view, the free uncoupled response
corresponds to a total failure mode; the free coupled response
can be seen as a full failure of the active control system;
partial failures of the active control system can be associated
to the failure of the corresponding local active control
system.

Left Building Right Building
u(ll) ué[) ugl) ugr) u;r)
Centralized | 0.81 | 1.52 | 1.95 1.29 2.17
Overlapping | 0.52 | 1.37 | 2.04 1.28 2.18

Left failure 0 0 0 1.35 2.28
Right failure | 0.54 | 142 | 2.12 0 0
TABLE I

Maximum absolute actuation force (x 10°N)

Table I presents the maximum inter-story drifts for the dif-
ferent failure modes; the maximum absolute control actions
are collected in Table II. These tables also include the data
corresponding to the centralized controller as a reference.
When the active control system is in full-failure mode, a
remarkable reduction of the maximum inter-story drifts in
both buildings is achieved by the passive control system. In
case of semi-failure mode of the active control system, i.e.,
when one of the local active controllers fails, the building
that remains actively controlled is not affected by the failure;
moreover, the control forces in the working active controller
increase slightly and act through the linking elements to drive
the response of the failing building to a level that is clearly
below the level obtained by the pure passive control. In all the

cases, the results achieved by the decentralized overlapping
controller are similar to those obtained by the centralized
controller.

VI. CONCLUSIONS

A combination of active and passive control elements
have been used to design a decentralized control strategy
suitable for wireless implementation in large adjacent build-
ings. Numerical simulations of the vibrational response of
the system have been conducted, using the El Centro NS
1940 earthquake as ground acceleration. The simulation
results indicate that the decentralized active controller, de-
spite the decentralized design and the reduced exchange
of information, behaves practically the same as the overall
centralized active controller, and it is not affected by the
failure of the passive control system. When the active control
system is in full-failure mode, a remarkable reduction of the
maximum inter-story drifts in both buildings is achieved by
the passive control system. In case of semi-failure mode of
the active control system, that is, when one of the local active
controllers fails, the building that remains actively controlled
is not affected by the failure; moreover, the control forces
in the working active controller increase slightly and act
through the linking elements to drive the response of the
failing building to a level that is clearly below the level
obtained by the pure passive control.
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