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Abstract

This research paper investigates the efficiency of hybrid vibration control systems combining tuned mass dampers (TMDs) and
magnetorheological (MR) dampers for the reduction of seismic vibrations in asymmetric ten-story reinforced concrete buildings.
An extensive three-dimensional mathematical representation with two-way eccentricities is formulated that takes into consideration
realistic torsional coupling effects. Six historic earthquake records with varied seismic features are used as ground motions scaled to
a standard peak ground acceleration of 0.35 g. Five different control settings are test 1. uncontrolled baseline, 2. TMD-only system with
3% mass ratio, 3. MR-only system with four dampers in Passive-On mode, 4. hybrid TMD-MR system with passive control, and 5. hybrid
TMD-MR system with a new Response-Tracking Semi-Active Control (RT-SAC) algorithm. Findings indicate that the hybrid RT-SAC setup is
superior in performance with an average peak roof displacement reduction of 59.2%, maximum inter-story drift reduction of 46.8%, peak
floor acceleration reduction of 48.5%, and base shear reduction of 47.8% compared to the uncontrolled setup. One-way ANOVA statistical
analysis demonstrates that control strategy has a significant influence on structural responses (p j 0.001), with control configuration
accounting for 39.8% variance in peak displacement. The hybrid design offers a more consistent distribution of inter-story drift, with the
maximum drift reduced to 1.18% (below the 2.23% exceeding code limits). Energy dissipation analysis indicates that the hybrid system
dissipates 48.8% more energy than the uncontrolled structure while requiring a sensible amount of control energy of 92.5 kJ.
Keywords

tuned mass damper, magnetorheological damper, hybrid control, torsionally-coupled buildings, semi-active control, response-tracking

algorithm, seismic vibration control, asymmetric structures, earthquake engineering, adaptive control

1 Introduction

Modern urban landscape architecture has been more
inclined towards asymmetric building designs due to
aesthetic values, functional needs and limitations to the
area [1]. Nevertheless, this type of architecture also poses
a lot of engineering problems especially the seismic sus-
ceptibility based on the effects of torsional coupling.
Asymmetric buildings that are Torsionally-coupled are
found to have complex dynamic behavior with simultane-
ous translational and rotational movements during seismic
excitation, which frequently produce an unevenly dam-
aged building, localized structural failures and increased
inter-story drifts [2, 3]. The 1994 Northridge and the 1995
Kobe earthquakes gave sad exhibitions of how torsional

actions can promote structural harm in asymmetrical
structures with a lot of cases of soft-story breakages and
unequal distributions of damages being reported [4, 5].
The conventional seismic design approaches of asym-
metric structures are largely based on strength-based and
ductility provisions that might not work to the require-
ments of the performance-based design goals that focus
on immediate occupancy and damage containment [6].
Passive energy absorbing systems, including viscous
dampers, friction dampers, and metallic yield dampers
have been deployed with mixed results [7, 8]. But their
parameters are fixed and thus restrict their flexibility to dif-
ferent seismic levels and nature. A widely used application
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of tall buildings to control the vibrations caused by the
winds is to use tuned mass dampers (TMDs) in the build-
ings originally conceived by Frahm in 1909 and optimized
by Den Hartog [9]. Examples include the John Hancock
Tower (Boston, 1977) and Taipei 101 (Taiwan, 2004).
Although useful in harmonic or narrow-band excitations,
TMDs have constraints in the application of earthquake
engineering, such as frequency detuning sensitivity, large
stroke, and minimal multi-modal control [10, 11].

The semi-active control systems that developed in the
1990s have shown promise as the alternative to the tra-
ditional passive devices, providing the reliability of the
passive devices and the flexibility of the active ones [12].
Of these, magnetorheological (MR) dampers have received
special interest because they are simple to operate mechan-
ically, do not consume much power and have large control-
lable force capacity [13]. The theoretical basis of the MR
dampers to structural control and experimental validation
was laid down by pioneering works of Spencer et al. [14]
and Dyke et al. [15]. The practical feasibility of MR damp-
ers had been demonstrated by using the full-size MR
dams in the Dongting Lake Bridge (China, 2002) and the
National Museum of Emerging Science and Innovation
(Japan, 2001) [16].

Hybrid control systems, which comprises several con-
trol strategies have been suggested to overcome com-
plementary benefits and counter one-sided shortcom-
ings [17]. The combination of TMDs and MR dampers
is one of the most promising constructions in which the
TMD can offer passive dissipation of frequent small exci-
tations, whereas the MR dampers can offer adaptive con-
trol on severe earthquakes [18]. Past research on hybrid
systems has been given more attention to symmetries or
simplified two-dimensional systems [19, 20]. The article
by Lu et al. [21] about hybrid mass dampers and the article
by Park et al. [22] about combined base isolators and MR
dampers is significant. Nevertheless, extensive research
on hybrid system combinations of TMD-MR in the con-
text of Torsionally-coupled asymmetric buildings is not
well represented in the literature.

This is a substantial research gap, as torsional cou-
pling constitutes a fundamental change in the dynamics
of structures, optimal placement of a damper, design of
a control algorithm and measures of performance [23].
Moreover, the torsional modes interaction with control
devices in asymmetric constructions can be very surpris-
ing without occurrences in symmetric constructions [24].
The interdependence of various features of earthquakes

on the functioning of a hybrid system is the issue which
should be studied carefully [25].

The novelty of this work is due to several factors: first,
the creation and application of the RT-SAC algorithm to
optimize the hybrid TMD-MR systems in asymmetric
buildings; second, the complete assessment of the per-
formance through the prism of both translational and tor-
sional responses; third, the statistical verification of the
performance improvement; and fourth, the comparison of
the results of various types of earthquakes. The results are
commended to the development of adaptive control mea-
sures of asymmetric building and offer the basis of perfor-
mance-based seismic design of hybrid control measures.

A limitation of the present modeling approach is the use
of uniform story properties (identical mass and stiffness
per floor). While this shear-building idealization enables
clear isolation of torsional coupling effects, real asym-
metric buildings often exhibit story-varying stiffness.
The conclusions should therefore be interpreted as demon-
strating conceptual feasibility; extension to non-uniform
models is addressed in future work.

2 Mathematical modeling
2.1 Building model formulation
The building is a ten-story reinforced concrete moment-re-
sisting frame building, which is 30 m long and 20 m wide
(Fig. 1). The height of each floor is 3.5 m. The building has
bidirectional eccentricities: 1.5 m in the x-direction (5% of
plan length) and 0.6 m in the y-direction (3% of plan width),
resulting in significant torsional coupling [26]. Each floor
has three degrees of freedom (DOFs): two translational
(u, uy) and one rotational (u,) displacements about the ver-
tical axis. The building parameters are presented in Table 1.
The stiffness relationship for the i" floor considering
eccentricities e _and e, is:

E\',i kx,i 0 _eykx,i x,i

Fy,i = 0 kw. exky’,. u,; |-
2 2

M,, —e k., ek, ky,+ek,  + eykx,,. Uy,

Remark: The assumption of identical mass and stiff-
ness for all ten stories is adopted to isolate torsional cou-
pling effects without confounding variables. This uniform
shear-building model is standard in conceptual studies
of asymmetric response [1, 23]. We have used MATLAB
software [27] for data analysis and calculation.

The torsional irregularity ratio 7,/7, = 0.69 indicates
considerable torsional coupling according to building
code requirements [28].
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Fig. 1 The 10-story asymmetric building model and the mode shapes: (a) 3D building model showing eccentricities, (b) Translational mode — Mode 1:
T, = 1.421 s, (c) Translational mode — Mode 2: 7, = 1.250 s, (d) Torsional mode — Mode 3: 7, = 0.980 s

Table 1 Building parameters

m, 8.5 x 105 kg , 4.42 rad/s
. I5m o, 5.03 rad/s
r, 10 m w, 6.41 rad/s
k., 1.2 x 108 N/m T, 1.421's
k,; 8.0 x 10’ N/m T, 1.250 s
ky, 4.5 x 10" Nm/rad T, 0.980 s

Rayleigh damping is used to model inherent structural
damping:

C=aM+ K.

The coefficients o and f are determined to provide 2%
damping ratio in the first two modes:

o = 20,0, (Clwz _Czwl) B= 2((;2602 _Clwl)

2 2 2 2
W) — @, W) — @

>

where w, and w, are the first two natural frequencies and
(,=¢=0.02.

The equations of motion for the uncontrolled building
subjected to bidirectional ground acceleration are:

Mii(t)+ Cu(t)+ Ku(t)=-MRa,(1).

2.2 Tuned mass damper model

The TMD is modeled as a single degree of freedom system
on the roof level (10" story). For the TMD-only and hybrid
designs, a mass ratio of 3% of the first modal mass is selected
as listed in Table 2 based on optimization studies [29].

2.3 Magnetorheological damper model
The modified Bouc-Wen hysteresis model is used to model
the MR dampers because it accurately represents the

Table 2 Tuned mass damper parameters

Parameter Value
Moy 2.55 x 10 kg
Sope 0.971
Crmp.opr 0.0354 (3.54%)
Drmp 4.29 rad/s
Knp 4.69 x 10° N/m
CtMp 7.75 x 10* Ns/m
“ 0.03 (3%)
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relationships between forces and velocity/displacement as
verified in experimental tests [30]. The model consists of
a first-order nonlinear differential equation for the hyster-
etic displacement z(f) and an algebraic equation for the
damper force f{¥).

For the RD-1007 MR damper (LORD Corporation), the
identified parameters are [30]:

* ¢,,=2.1x10°Ns/m, ¢, = 1.2 x 10> Ns/(mV),

* a,,=14>x10° N/m, a, = 3.6 x 10° N/(mV),

* k, =20 x 10> N/m, 4 = 1.2, y = 3.0 x 10* m?,

BL=3.0x10*m?2,n=2,and 5=0.

Force scaling for building application: The above
parameters describe the dimensionless hysteresis shape of
the RD-1007 damper (rated capacity ~2.4 kN). For build-
ing-level application to a 10-story RC frame, the force
capacity is linearly scaled by a factor 4 = 200 to achieve
a maximum controllable force of approximately 500 kN
per damper. This scaling preserves the normalized Bouc-
Wen behavior and follows the approach validated by
Spencer et al. [14]. The scaled parameters used in all sim-
ulations are: ¢, =4.2 x 10° Ns/m, o, = 2.8 x 10° N/m, with
other dimensionless parameters unchanged.

The hybrid configuration includes four MR dampers:
two in the x-direction and two in the y-direction at the roof
level. These damper forces are assembled into a force vec-
tor f,,:(® € R"MR with n, ., = 4. The equations of motion
for the building with MR dampers are:

Mii(t)+Ci(t)+ Ku(t)=-MRa, (1) + By for ()

where B, * R"d x nMR is the MR damper location matrix
mapping damper forces to structural DOFs.

2.4 Hybrid TMD-MR system model

The complete equations of motion for the hybrid sys-
tem combine both TMD and MR damper models. This
coupled system of equations is solved using state-space
representation:

M 0 ii(t)
0" Myyp || U (r)

+ |:C + BTMDCTMDB'Z:MD _BTMDCTMD j| |: u (t) :|

T .
~Ctmp BTMD Crmp Uryp (t )

+|:K + BTMDkTMDB'lj:MD _BTMDkTMD:H: u(t) :|

T
_kTMDBTMD kTMD Uryp (t )

Myvprvp

{ MR }ag(t)+{li;ﬁﬂ Fun (0.

3 Control algorithms

3.1 Passive-on control

The MR dampers operate at maximum voltage throughout
the earthquake excitation:

i=12,...,n

i max ? mr *

V.()=V,
3.2 Sliding Mode Control (SMC)

SMC is a nonlinear control technique that drives the sys-
tem trajectory onto a desired sliding surface and maintains
it [31]. The sliding surface s(f) is defined as:

s(1)=Ae(t)+eé(t)

where e(t) = y(1) = y,,(0) is the tracking error, y, (1) = 0

ref
for vibration control, and A is a positive definite diagonal

matrix determining convergence rate. The control law is:

s\t
Vi(t)=V, -sat[ﬁ} i=12,...,n,
@
where sat is the saturation function and ¢, is the boundary
layer thickness to reduce chattering. The saturation func-
tion is defined as:

sat(x) = {x&if |x| <1@sgn (x) &if |x|>1.

SMC-only configuration: For the SMC-only configu-
ration, the MR dampers operate independently under the
sliding mode control law without a TMD. This configura-
tion serves as a baseline for comparing the hybrid SMC-
TMD system against pure SMC.

3.3 Response-Tracking Semi-Active Control (RT SAC)
The proposed RT-SAC algorithm adjusts control voltages
based on real-time response tracking with adaptive gains.
The control law combines proportional, derivative, and
integral actions:

V()= Vo ~tanh[kpw[e,. (1) + k6 (1) +k, e (r)dr]
0

where kp k

L2 di?

ing to response characteristics:

and k,, are adaptive gains updated accord-
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where s(f) = Ae(t) + é(f)s(f) = Ae(f) + é(f) is the sliding sur-
face. The time derivative yields ¥ < —y|s| for some 5 > 0
under bounded tracking error and finite adaptive gains.
Thus, the system is asymptotically stable.

4 Earthquake excitations

To reflect various seismic characteristics, six historical
earthquake records (Table 3, Fig. 2) were selected from
the PEER NGA-West2 database [31]:

All records are scaled to a common 5%-damped
spectral acceleration at the fundamental period
S (T, = 1.421 s) = 0.35 g rather than PGA, following rec-
ommendations for long-period structures [28].

5 Numerical integration

The equations of motion are solved using the constant
average acceleration method (Newmark-f method with
S = 0.25 and y = 0.5), which is unconditionally stable
for linear systems and provides second-order accuracy.
The time step is selected as Az = 0.01 s, which is less
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6 Performance metrics

Eight response quantities are evaluated for performance

comparison:

1.

Peak roof displacement:

D

max

=max, uilo (t)+uy 10 (Z)

. Maximum inter-story drift:

A

max

e (0= () + (2, (6) =, (1))

h

s

=max,,

. Peak floor acceleration:

iy, (1) +ii}, ()

ATnax = maxi St

. Peak base shear:

S R

. Torsional response:

max

6_. =max, |u9)10 (t)|

. Control force:

o = max, | fie (1),

. Energy dissipation:

. Damage index (Park-Ang model [22]):

. . DI — Dmax Eh
than 1/10 of the highest frequency of interest (10 Hz) and =D +p FD
ensures numerical stability. ! Y
Table 3 Seismic characteristics of earthquake records
. Ground Vs30 PGA PGV D5-95 . .
S.No Earthquake Station and component condition (m/s) (@ (m/s) © Special characteristics
Imperial Valley Irrigation .
1 El Centro 1940 - ; Soft soil 213 0.35(scaled) 0.33 24.5 Broad frequency spectrum
District station, 270°
. Rinaldi Receiving . Near-field pulse-like motion,
2 Northridge 1994 Station, 228° Soft soil 256  0.35 (scaled) 0.89 8.2 forward directivity, Tp = 13 s
3 Kobe 1995 Takatori station, 000°  Medium soil 312 035 (scaled) 112 114  Tearfieldmotion, large velocity
pulses, fling-step effects
C g . . . Long duration, multiple strong
4 Chi-Chi 1999 TCUO068 station, N-S Stiff soil 485  0.35(scaled) 0.52 35.8 .
shaking cycles
5 Loma Prieta 1989  LGPC station, 000° Mediumsoil 347  0.35 (scaled) 045 197 Medl“m'i‘fz‘gz“ far-field
6 Mexico City 1985 SCT station, NOOW  Verysoftsoil 98  0.35 (scaled) 038  42.5 Narrow-band amplification

(~2 s period), long duration
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Fig. 2 Selected earthquake records (scaled to PGA = 0.35 g) showing acceleration time histories for six records: El Centro 1940 (far-field), Kobe 1995
(near-field), Loma Prieta 1989 (far-field), Northridge 1994 (near-field), Chi-Chi 1999 (long-duration), and Mexico City 1985 (soft soil)

where D = 0.01 m is yield displacement, F, = 10N
is yield force, E|, is hysteretic energy, and = 0.15 is
empirical parameter.

7 Results and discussion

7.1 Modal characteristics

Eigenvalue analysis of the asymmetric building model
reveals strongly coupled vibration modes. Mode shapes
1 through 3 (Fig. 1) exhibit significant translational-tor-
sional coupling. Mode 1 (7, = 1.421 s) consists of 78%
translational motion in the x-direction and 22% torsional
motion. Mode 2 (7, = 1.250 s) consists of 72% y-trans-
lation and 28% torsion. Mode 3 (7, = 0.980 s) is primar-
ily torsional (65%) coupled with translations. The modal

participation factors are I = 1.32 (x-direction), I', = 1.28
(y-direction), and I'; = 0.85 (torsion), confirming signifi-
cant torsional excitation potential.

7.2 Peak response comparison

Table 4 presents the peak roof displacements for all con-
trol configurations under the six earthquake records.
The uncontrolled building exhibits the highest displace-
ments, reaching 38.9 cm for Chi-Chi and 72.3 c¢m for
Kobe, which exceed drift limits specified in most build-
ing codes. The TMD-only system reduces these dis-
placements by 21.3-35.8%, performing better for far-field
earthquakes (El Centro: 35.8%) than for near-field pulses
(Northridge: 23.7%).

Table 4 Peak roof displacements (cm) for different control configurations

Earthquake Uncontrolled TMD-only MR-only SMC-only Hybrid-Passive Hybrid-SMC ~ Hybrid-RT-SAC
El Centro 1940 452 35.6 32.1 30.8 26.8 21.3 18.5
Northridge 1994 68.7 52.4 48.9 43.5 38.5 28.4 25.6
Kobe 1995 723 55.1 51.2 45.8 40.8 30.1 27.8
Chi-Chi 1999 389 30.5 27.6 26.3 22.9 17.4 15.2
Loma Prieta 1989 524 41.2 37.2 34.6 30.8 235 20.8
Mexico City 1985 61.8 46.3 439 40.1 352 27.6 24.9
Average 56.6 43.5 40.2 36.9 32.5 247 22.1
Reduction (%) - 23.1 28.9 34.8 42.6 56.4 59.2




The MR-only system with Passive-On control achieves
reductions of 28.9-41.2%, demonstrating greater adapt- abil-
ity to different earthquake types compared to TMD-only.
The hybrid configurations show substantially improved per-
formance, with the hybrid TMD-MR system achieving dis-
placement reductions of 42.6% with passive control, 56.4%
with SMC, and 59.2% with the proposed RT-SAC algorithm.

Fig. 3 shows the roof displacement time histories for the
El Centro earthquake. The uncontrolled response reaches
45.2 cm, while the hybrid RT-SAC system reduces this
to 18.5 cm, representing a 59.2% reduction. The zoomed
view (10-20 s) clearly demonstrates the superior perfor-
mance of RT-SAC during the strong motion phase, with
smooth response reduction and minimal phase lag.

7.3 Inter-story drift analysis

Fig. 4 presents the maximum inter-story drift profiles
for the El Centro earthquake. The uncontrolled building
exceeds the code-specified drift limit of 2.0% at the third
and fourth stories, reaching 2.23% at the fourth story. This
non-uniform distribution, with maximum drift occurring
at mid-height rather than the base, is characteristic of tor-
sionally-coupled buildings where torsional amplification
effects combine with translational responses .

The TMD-only configuration reduces maximum drift
to 1.82% (18.4% reduction) but maintains a similar profile
shape. The MR-only design achieves more uniform dis-
tribution with maximum drift of 1.58% (29.1% reduction).
The hybrid configurations provide the best drift distribu-
tion, with RT-SAC achieving a maximum drift of 1.18%
(47.1% reduction) at the fourth story and minimizing drift

E A A|A A T T T T T T
c NAAAAAAAAAAAAAAAAAAA;
S \ TMD-only ' vy '
Tu} MR-only
B o5 Hybrid RT-SAC | | | | |
0 5 10 15 20 25 30 35 40
Time (s)
g 02 ﬂ Peak Reduction: 70.2%
£
@
8§
¥ WY \Ef W
a8
T|me (s)
(b)

Fig. 3 Roof displacement time history comparison for El Centro 1940
earthquake: (a) Full time history showing uncontrolled, TMD-only,
MR-only, and Hybrid RT-SAC responses; (b) Zoomed view (10-20 s)
highlighting 59.2% peak reduction with Hybrid RT-SAC
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Fig. 4 Maximum inter-story drift profiles for El Centro 1940 earthquake
showing reduction from uncontrolled (2.23%) to hybrid RT-SAC (1.18%)
with more uniform distribution

variation across stories. This uniform distribution is crit-
ical for preventing localized damage and maintaining
global structural integrity.

For the Northridge near-field pulse, the uncontrolled
building exhibits even greater drift concentration at mid-
height (2.58% at the fourth story). This is reduced to 1.32%
(48.8% reduction) with the hybrid RT-SAC configuration,
demonstrating effectiveness for pulse-type motions that
typically challenge passive systems.

7.4 Acceleration response

Table 5 presents the peak floor accelerations for the
El Centro earthquake. While acceleration reductions
are generally lower than displacement reductions due to
higher frequency content being less sensitive to added
damping, significant improvements are achieved.

The hybrid RT-SAC configuration reduces roof accel-
eration to 0.215 g (49.2% reduction), which has significant
implications for non-structural components and occupant
comfort. The acceleration reduction is relatively uniform
across floors, with all floors experiencing approximately
49-51% reduction.

7.5 Torsional response control

Fig. 5 shows the torsional rotation time history at the roof
for the Northridge earthquake. The uncontrolled build-
ing exhibits a maximum torsional rotation of 0.0152 rad
(0.87°), contributing significantly to asymmetric damage
potential. The TMD-only configuration shows limited
torsional control (0.0121 rad, 20.4% reduction) because
TMDs primarily affect translational modes.
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Table 5 Peak floor accelerations (g) for El Centro 1940 earthquake

Floor Uncontrolled TMD-only MR-only Hybrid-Passive Hybrid-SMC Hybrid-RT-SAC
Roof 0.423 0.352 0.315 0.285 0.231 0.215
9 0.398 0.331 0.296 0.268 0.218 0.203
8 0.365 0.304 0.272 0.246 0.200 0.186
7 0.341 0.284 0.254 0.230 0.187 0.174
6 0.312 0.260 0.232 0.210 0.171 0.159
5 0.285 0.237 0.212 0.192 0.156 0.145
4 0.256 0.213 0.191 0.173 0.140 0.130
3 0.231 0.192 0.172 0.156 0.127 0.118
2 0.198 0.165 0.148 0.134 0.109 0.101
1 0.165 0.137 0.123 0.111 0.090 0.084
Max 0.423 0.352 0.315 0.285 0.231 0.215
Reduction (%) - 16.8 25.5 32.6 454 49.2
g o | , . | | Table 6 Energy dissipation and control metrics
° B TVD-only ' En?rgy Max control ~ Control Eﬂ'iciency
S 60 - | I MR-only i Configuration dissipated force effort index
5 I Hybrid RT-SAC (MJ) (kN) (kJ)
§ 50 b Uncontrolled 4.33 0.0 0.0 0.00
?9 ol | TMD-only 521 0.0 0.0 0.17
° MR-only 5.78 412.5 78.4 0.25
g 30 1 Hybrid-Passive 6.12 438.2 82.5 032
§ 20 1 Hybrid-SMC 6.38 463.8 87.2 0.41
é 10k | Hybrid-RT-SAC 6.45 485.6 92.5 0.45
5 - :
3 system dissipates 6.45 MJ of energy, 48.8% higher than
o« \&0\5" $0<5‘ P 6‘\@@* o the uncontrolled case (4.33 MJ), indicating efficient utili-
e w e &= ¢ zation of control capacity.

Fig. 5 Performance comparison of control strategies showing

normalized response metrics for peak displacement, maximum drift,

peak acceleration, base shear, and energy dissipation

The MR-only system provides superior torsional reduc-
tion (0.0098 rad, 35.5% reduction) through direct control
forces. The hybrid configurations achieve even better tor-
sional control, with RT-SAC reducing maximum rotation
to 0.0065 rad (57.2% reduction). This enhanced torsional
control results from coordinated MR damper action in
both orthogonal directions, generating controlled torsional
moments that counteract earthquake-induced torsion.

For the Kobe earthquake, where torsional excitation is
particularly strong due to rupture directivity effects, the
RT-SAC system achieves 59.8% torsional rotation reduc-
tion, compared to 42.3% for hybrid passive and 51.6% for
hybrid SMC.

7.6 Control force and energy dissipation
Table 6 summarizes the energy dissipation and con-
trol metrics for all configurations. The hybrid RT-SAC

The control effort, computed as the time integral of
absolute control force, is 92.5 kJ for RT-SAC, which is
6.1% higher than SMC (87.2 kJ) while delivering 8.0%
better performance improvement. The efficiency index
(ratio of performance gain to normalized control effort)
is highest for RT-SAC at 0.45, indicating optimal balance
between performance and energy consumption. The max-
imum control force for RT-SAC is 485.6 kN per damper,
within the 500 kN capacity limit of RD-1007 MR damp-
ers, ensuring no saturation occurs. The force time histo-
ries exhibit smooth transitions without abrupt changes,
indicating stable control action.

7.7 Damage assessment

The Park-Ang damage index (DI) provides a comprehen-
sive measure of structural damage, considering both max-
imum deformation and cumulative energy dissipation.
DI < 0.4 indicates moderate repairable damage, DI > 0.8
indicates severe damage, and DI > 1.0 indicates collapse.
Table 7 presents the DI values for all six earthquake
records across all control configurations.
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Table 7 Park-Ang damage index for all earthquake records

Earthquake Uncontrolled TMD-only MR-only SMC-only Hybrid-Passive Hybrid-SMC Hybrid-RT-SAC
El Centro 0.68 0.52 0.47 0.41 0.38 0.31 0.28
Northridge 0.82 0.63 0.58 0.50 0.46 0.37 0.33
Kobe 0.91 0.69 0.64 0.55 0.51 0.41 0.36
Chi-Chi 0.58 0.44 0.40 0.35 0.32 0.26 0.24
Loma Prieta 0.73 0.56 0.51 0.44 0.41 0.33 0.30
Mexico City 0.79 0.60 0.55 0.47 0.44 0.35 0.32
Average 0.75 0.57 0.53 0.45 0.42 0.34 0.31

The uncontrolled building has an average DI of 0.75,
indicating severe damage across all earthquake records.
The hybrid RT-SAC configuration reduces the aver-
age DI to 0.31 (moderate repairable damage), represent-
ing a 58.7% reduction. All hybrid configurations achieve
DI < 0.4 for all earthquakes, indicating that the building
remains in the repairable damage range even under severe
seismic excitation.

For the Kobe earthquake, which has the highest seismic
demand (PGA = 0.35 g, PGV = 1.12 m/s), the uncontrolled
DI reaches 0.91 (near collapse), while the hybrid RT-SAC
reduces this to 0.36 (moderate damage). This demon-
strates the effectiveness of the proposed control system
even under extreme near-field pulse-type motions.

7.8 Statistical analysis results

One-way ANOVA reveals highly significant differences
between control configurations for all response measures
(p ; 0.001 for peak displacement, inter-story drift, accel-
eration, and damage index). The effect size (4%) for con-
trol configuration on peak displacement is 0.406, indi-
cating that 40.6% of the variance in peak displacement is
explained by the control strategy. This represents a large
effect according to Cohen's guidelines Post-hoc Tukey
HSD tests identify specific differences between configura-
tions, as shown in Table 8. RT-SAC is statistically superior
to all other configurations (p j 0.01 for all comparisons).
The hybrid configurations (passive, SMC, RT-SAC) form

distinct statistical groups, significantly different from
TMD-only and MR-only configurations.

Two-way ANOVA with control configuration and
earthquake type as factors shows a non-significant inter-
action (p = 0.415), indicating that the relative performance
of configurations is consistent across different earthquake
characteristics. However, this finding should not be inter-
preted as proof of robustness beyond the dataset; valida-
tion with a larger ensemble of ground motions (e.g., 30+
records) is recommended in future work.

7.9 Comparative performance under different
earthquake types

Fig. 6 compares control configuration performance for
near-field (Northridge, Kobe) and far-field (El Centro,
Loma Prieta, Chi-Chi) earthquakes. The hybrid configu-
rations demonstrate consistent effectiveness across earth-
quake types, while TMD-only performs better for far-field
earthquakes (average reduction: 31.2%) than for near-field
pulses (average reduction: 22.5%).

For near-field earthquakes, RT-SAC achieves average
displacement reductions of 62.7%, compared to 59.4%
for far-field earthquakes. This superior performance for
pulse-type motions demonstrates the RT-SAC algorithm's
adaptability to different seismic characteristics. The real-
time response tracking enables RT-SAC to adjust control
forces appropriately for the high-velocity pulses charac-
teristic of near-field motions.

Table 8 Statistical significance of pairwise comparisons (p-values)

Comparison Peak displacement Max drift Peak acceleration Damage index
TMD vs MR 0.032° 0.045 0.028" 0.038"
MR vs Hybrid-P ;0.0017 ;0.001" ;0.0017 ;0.0017
Hybrid-P vs Hybrid-SMC 0.003™ 0.002™ 0.004"™ 0.001™
Hybrid-SMC vs Hybrid-RT-SAC 0.012° 0.015" 0.018" 0.009™
Uncontrolled vs Hybrid-RT-SAC ;0.001™ ;0.001™ ;0.001™ ;0.001™

*pi0.05 " pi0.01
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Fig. 6 Statistical comparison of control strategies showing peak
displacement distributions with box plots for uncontrolled (Unc), TMD,
MR, Hybrid-Passive, and Hybrid-RT-SAC configurations

For the Mexico City earthquake with unique soft soil
amplification effects, RT-SAC achieves 59.7% reduction
versus 55.4% for SMC, demonstrating better adaptation
to resonant conditions. The adaptive gains in RT-SAC
respond to sustained resonant motion, ensuring effective
control throughout the extended strong shaking duration.

7.10 Benchmark control comparison for El Centro
1940 earthquake

To validate the performance of the proposed RT-SAC algo-
rithm against established semi-active control methods,
a benchmark comparison was conducted in Table 9 using
the EI Centro 1940 earthquake record. Two classical con-
trollers were selected for comparison: Linear Quadratic
Gaussian (LQG) and H-infinity (/7,) control. Both con-
trollers were implemented in active configuration (full-
state feedback) representing the upper bound of theoret-
ical performance.

The RT-SAC algorithm achieves a peak displacement
reduction of 59.1%, which is slightly better than LQG (57.5%)
and H_ (58.2%). Notably, RT-SAC achieves this perfor-
mance without requiring a full-state observer or plant model
Table 9 Benchmark control comparison for El Centro 1940 earthquake:

RT-SAC achieves comparable or better performance than LQG and H |
without requiring a full-state observer or plant model inversion

Peak roof displacement  Reduction vs uncontrolled
Controller

(cm) (%)
Uncontrolled 45.2 —
LQG (active) 19.2 57.5%
H_ (active) 18.9 58.2%
RT-SAC 18.5 59.1%
(proposed)

inversion, unlike LQG and H_ which require complete state
measurement or estimation. The proposed algorithm oper-
ates solely on tracking error measurements and adapts its
gains in real-time based on response characteristics.

The performance differences between RT-SAC and the
benchmark controllers are within 1.6%, indicating that
RT-SAC provides comparable performance to classical
active control methods while offering advantages in prac-
tical implementation:

1. no need for a full-state observer,

2. simpler tuning procedure,

3. inherent robustness due to sliding mode structure,

and

4. lower computational requirements.

These results confirm that the proposed semi-active
RT-SAC algorithm is a viable and competitive alternative
to established active control strategies for seismic vibra-
tion control of asymmetric buildings.

8 Discussion

The superior performance improvement of hybrid
TMD-MR systems arises from several complementary
mechanisms. First, the TMD provides passive energy
dissipation through inertial forces, which is particularly
effective for reducing resonant responses. This is sup-
plemented by MR dampers providing adaptive energy
dissipation that can be adjusted based on response lev-
els. The combination enables the system to address both
steady-state resonant response (through TMD) and tran-
sient peak responses (through MR dampers).

Second, the hybrid system offers multi-modal control
capability. While the TMD is typically tuned to the funda-
mental translational mode, MR dampers can effectively con-
trol higher modes including the torsional mode. This multi-
modal capability is crucial for asymmetric buildings where
torsional modes significantly influence overall response .

Third, the spatial distribution of control forces in
the hybrid system enables enhanced torsional control.
By placing MR dampers at the building perimeter, con-
trolled torsional moments can be generated to counteract
earthquake-induced torsion. This is particularly important
for asymmetric buildings where torsional responses can
dominate damage patterns.

9 Conclusions
This comprehensive study investigated the performance of
hybrid vibration control systems combining tuned mass



dampers and magnetorheological dampers for torsional-
ly-coupled asymmetric buildings under various earth-
quake excitations. The main conclusions are:

1. Hybrid TMD-MR systems substantially outperform
individual control systems, with the hybrid RT-SAC
configuration achieving average reductions of 59.2%
in peak roof displacement, 46.8% in maximum inter-
story drift, 48.5% in peak floor acceleration, and
57.2% in torsional response compared to uncon-
trolled responses. These improvements are statis-
tically significant (p j 0.001) with large effect sizes
(7* = 0.406 for peak displacement).

2. The proposed Response-Tracking Semi-Active Control
(RT-SAC) algorithm outperforms conventional control
strategies including sliding mode control and passive
control. RT-SAC achieves 8.0% better displacement
reduction than SMC with only 6.1% increased control
effort, resulting in the highest efficiency index (0.45).
The adaptive gain adjustment and response prediction
features of RT-SAC provide valuable adaptability to
varying earthquake characteristics.

3. Hybrid configurations provide more uniform inter-
story drift distributions, reducing the potential for
localized damage in torsionally-coupled buildings.
The uncontrolled building exhibited excessive drift
exceeding code-specified limits (2.0%) at mid-height
stories, while the hybrid RT-SAC system maintained
all drifts below 1.2% with uniform distribution
across stories.

4. The hybrid system effectively controls torsional
responses, a critical challenge for asymmetric
buildings. RT-SAC achieves 57.2% reduction in
maximum torsional rotation through coordinated
control forces that generate counteracting torsional
moments. This torsional control is consistent across
different earthquake types.

5. Statistical analysis confirms the robustness of find-
ings, with significant differences between control
configurations maintained across earthquake types
(non-significant interaction, p = 0.415). The hybrid
RT-SAC configuration is statistically superior to all
other configurations for all response measures.

6. Practical implementation considerations include
strategic damper placement for torsional control,
coordinated TMD and MR damper operation, man-
ageable power requirements (approximately 480 W
for four dampers), and integrated maintenance

Parvez Alam et al. | /I /I
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schedules. The findings provide guidance for engi-
neers designing hybrid control systems for asym-
metric buildings.

7. Thisresearch contributes to the advancement of adap-
tive control strategies for asymmetric buildings and
provides a foundation for performance-based seis-
mic design of hybrid control systems. The RT-SAC
algorithm represents a promising approach for
practical implementation, offering adaptive perfor-
mance across diverse seismic conditions with rea-
sonable control effort and hardware requirements.
Future research should investigate nonlinear struc-
tural behavior, soil-structure interaction -effects,
scalability to different building configurations, and
experimental validation through shake table testing.
The findings of this study provide a solid foundation
for these future investigations and contribute to the
continued evolution of effective structural control
systems for earthquake-prone regions.
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