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ABSTRACT

Collisions between a moving mass and an anti-collision device increase structural responses and threaten structural
safety. An active mass damper (AMD) with stroke limitations is often used to avoid collisions. However, a stroke-
limited AMD control system with a fixed limited area shortens the available AMD stroke and leads to significant
control power. To solve this problem, the design approach with variable gain and limited area (VGLA) is proposed
in this study. First, the boundary of variable-limited areas is calculated based on the real-time status of the moving
mass. The variable gain (VG) expression at the variable limited area is deduced by considering the saturation of
AMD stroke. Then, numerical simulations of a stroke-limited AMD control system with VGLA are conducted on
a high-rise building structure. These numerical simulations show that the proposed approach has superior stroke-
limitation performance compared with a stroke-limited AMD control system with a fixed limited area. Finally, the
proposed approach is validated through experiments on a four-story steel frame.
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1 Introduction

Tuned mass dampers (TMDs) [1–9], semi-actively tuned mass dampers (SATMDs) [10–15], active
tuned mass dampers (ATMDs), and active mass dampers (AMDs) are often used for engineering
vibration control [16–22]. In theory, the control effect of AMD is better than that of the other control
systems. However, AMD’s moving mass can experience high speeds during operations, resulting in
excessive strokes. In particular, when the moving mass moves rapidly and runs close to the maximum
permitted stroke, it may collide with the anti-collision device, thus increasing the structural response
and even endangering the safety of the AMD control system and structure. Therefore, it is important
to limit moving mass stroke and improve the reliability of AMD control systems.

A vibration control system should exhibit robust performance. For continuous systems, a robust
H∞ control method based on linear matrix inequalities (LIM) was proposed [23]. By combining H∞
and H2 control, the active control system of a single-story frame structure is established by considering
the interaction between the irregularly controlled structure and foundation. The simulation results
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illustrate that the control system exhibits robust performance [24]. A pole assignment control algo-
rithm is applied to the vibration control of high-rise structures to ensure the robust performance of
the control system [25,26]. Because the gain can determine the control effects and parameters of a
control system, some scholars have proposed the saturating control and variable gain (VG) method to
improve the control performance effectively. For example, applying a saturating control algorithm
based on linear quadratics to an AMD control system can limit the moving mass stroke [27]. To
improve the control performance of the control system for high-rise buildings, an optimal design
considering the saturation of actuators and stroke limitations was proposed [28]. A control system
with a VG was established using linear control theory, and the optimal gain was selected by solving
inequality problems to achieve the optimal control force [29]. An active vibration control method
with variable gain (VG) control was proposed for high-rise buildings under wind load or earthquake
action [30]. Variable gain-based structural control was used to control civil engineering structures in
the case of earthquakes [31]. The AMD control method of VG was proposed, and the gain matrix was
calculated using a linear quadratic regulator (LQR) control algorithm. The relative optimal weight
matrix within the specified range was selected based on the magnitude of external excitation to obtain
the optimal feedback gain matrix [32]. An algorithm of VG for the stroke-limitation control system
was designed, and the design was verified by conducting an experiment [33]. The algorithm of VG
with a fixed and limited area requires a large external energy supply. Its limit mechanism still needs
improvement to enhance the stroke-limited performance and further avoid the collisions of AMD,
ensuring the safe operation of AMD.

To reduce the influence of stroke limitations on the performance of AMD control systems, a
stroke-limited AMD control system with variable gain and limited area (VGLA) was proposed in
this study. The running states of the VGLA control system are divided into unlimited and variable-
limited areas, and the control gain is calculated using an algorithm with H∞/H2 and pole assignment
constraints. The deceleration mechanism of the moving mass is determined based on the control force
and maximum stroke. Then, based on the real-time states of the moving mass, the gain expression in
the variable limited area was deduced considering the saturation of the AMD stroke. Furthermore,
numerical simulations were conducted using a stroke-limited AMD control system. Finally, the
effectiveness of the proposed methodology was verified by conducting an experiment with a four-story
steel frame structure.

2 The Stroke-Limitation Principle of AMD with VGLA

The main objective of structural control is to reduce the acceleration response of buildings to a
comfortable level. An AMD device is commonly installed on the structure, as shown in Fig. 1. Under
control force u, the building structure vibrations caused by external forces W can be significantly
reduced.

The running states of AMD are divided into eight states, as shown in Fig. 2; the AMD can run
freely during running states 1, 4, 5, and 8. When the moving mass is in a limited area and moves toward
the equilibrium position (running states 3 and 7, as illustrated in Fig. 2), there is no need to limit the
stroke. However, the moving mass may collide with the anti-collision device during running states 2
and 6, thus reducing the control performance and even endangering the safety of AMD. Therefore,
to ensure AMD’s safety and high control performance, it is critical to optimize the stroke-limitation
strategy during running states 2 and 6.



CMES, 2024, vol.138, no.1 867

Figure 1: Building structure equipped with AMD

Figure 2: The AMD operation diagram

The force equilibrium of an AMD model (Fig. 1) with uncertain mass and stiffness is

(M + �M)Ẍ(t) + CẊ(t) + (K + �K)X(t) = Bww(t) + Bsu(t), (1)

where M, C, and K represent the nominal mass, damping, and stiffness matrices of the system,
respectively; �M and �K represent the uncertain quantities of the mass and stiffness matrices,
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respectively; X(t) represents the displacement vector; Bs and Bw represent the position matrices of
the control forces and excitations, respectively; and u(t) and w(t) represent the control force vector
and external excitation vector, respectively.

Matrices �K, �M, Bs, and Bw are described as follows:

�K =

⎡
⎢⎢⎢⎢⎢⎣

�k1 + �k2 −�k2 0 0 0

−�k2 �k2 + �k3
. . . 0 0

0
. . . . . . −�kn 0

0 0 −�kn �kn + �kn+1 −�kn+1

0 0 0 −�kn+1 �kn+1

⎤
⎥⎥⎥⎥⎥⎦

(n+1)×(n+1)

, Bs =

⎡
⎢⎢⎢⎢⎣

0
...
0
−1
1

⎤
⎥⎥⎥⎥⎦

(n+1)×1

,

�M =

⎡
⎢⎢⎢⎢⎣

�m1 0 0 0 0
0 �m2 0 0 0

0 0
. . . 0 0

0 0 0 �mn 0
0 0 0 0 �mn+1

⎤
⎥⎥⎥⎥⎦

(n+1)×(n+1)

, Bw =

⎡
⎢⎢⎢⎢⎣

1 0 0 0 0
0 1 0 0 0

0 0
. . . 0 0

0 0 0 1 0
0 0 0 0 1

⎤
⎥⎥⎥⎥⎦

(n+1)×(n+1)

(2)

Matrices M, C, K, and X(t) are described as follows:

M =

⎡
⎢⎢⎢⎢⎣

m1 0 0 0 0
0 m2 0 0 0

0 0
. . . 0 0

0 0 0 mn 0
0 0 0 0 mn+1

⎤
⎥⎥⎥⎥⎦

(n+1)×(n+1)

, C =

⎡
⎢⎢⎢⎢⎢⎣

c1 + c2 −c2 0 0 0

−c2 c2 + c3
. . . 0 0

0
. . . . . . −cn 0

0 0 −cn cn + cd −cd

0 0 0 −cd cd

⎤
⎥⎥⎥⎥⎥⎦

(n+1)×(n+1)

,

K =

⎡
⎢⎢⎢⎢⎢⎣

k1 + k2 −k2 0 0 0

−k2 k2 + k3
. . . 0 0

0
. . . . . . −kn 0

0 0 −kn kn + kn+1 −kn+1

0 0 0 −kn+1 kn+1

⎤
⎥⎥⎥⎥⎥⎦

(n+1)×(n+1)

, X (t) =

⎡
⎢⎢⎢⎢⎣

x1

x2

...
xn

xn+1

⎤
⎥⎥⎥⎥⎦

(n+1)×1

(3)

Assuming that the state vectors are Z (t) = [
X (t) Ẋ (t)

]T
, then the AMD control system with

uncertain parameters, such as quality and stiffness, can be expressed as follows:⎧⎪⎨
⎪⎩

Ż (t) = (A + �A) Z (t) + (B1 + �B1) w (t) + (B2 + �B2) u (t)

Y1 (t) = C1Z (t) + D11w (t) + D12u (t)

Y2 (t) = C2Z (t) + D21w (t) + D22u (t)

,

Z (t) =
[

X (t)
Ẋ (t)

]
2(n+1)×1

, A =
[

0 I
− (M + �M)

−1
(K + �K) − (M + �M)

−1 C

]
2(n+1)×2(n+1)

,

B1 =
[

0
(M + �M)

−1 Bw

]
2(n+1)×(n+1)

, B2 =
[

0
M−1Bs

]
2(n+1)×1

(4)
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Matrices C1, C2, D11, D12, D21, and D22 are described as follows:

C1 =
[

I 0
0 I

]
2(n+1)×2(n+1)

, C2 =

⎡
⎢⎢⎣

I 0
0 I
− (M + �M)

−1
(K + �K) − (M + �M)

−1 C
0 0

⎤
⎥⎥⎦

[3(n+1)+1]×2(n+1)

,

D11 =

⎡
⎢⎢⎣

0
0
(M + �M)

−1 Bs

1

⎤
⎥⎥⎦

[3(n+1)+1]×1

, D12 =

⎡
⎢⎢⎣

0
0
(M + �M)

−1 Bw

0

⎤
⎥⎥⎦

[3(n+1)+1]×(n+1)

,

D21 =
[

0
0

]
2(n+1)×1

, D22 =
[

0
0

]
2(n+1)×(n+1)

.

(5)

Based on reference [34], the AMD control force is obtained using the following equation:

u (t) = −G (t) · Z (t) = −
2n+2∑
i=1

gi (t) zi (t) =
2n+2∑
i=1

ui (t) , (6)

where ui(t) denotes the component of the force and G denotes the feedback gain of the AMD.

It is assumed that the matrix of uncertain parameters of structural parameters is[
�A �B2

] = HF
[
E1 E2

]
,

F = δI ,

H =
⎡
⎣0 0

− K
M

− C
M

⎤
⎦ , E2 =

⎡
⎢⎣

0

Bs

[
(�M + 1)

−1 − 1
]

C

⎤
⎥⎦ ,

E1 =
[
δK + (δK + 1)

[
(δM + 1)

−1 − 1
]

0

0 (δM + 1)
−1 − 1

]
,

0 ≤ δ ≤ 1, 0 ≤ δK ≤ 1, 0 ≤ δM ≤ 1

(7)

Substituting Eqs. (6) and (7) into Eq. (4), the AMD control system is expressed as follows:⎧⎪⎪⎨
⎪⎪⎩

Ż (t) = ÃZ (t) + B̃w (t)

Y1 (t) = (C1 − D12G) Z (t) + D11w (t)

Y2 (t) = (C2 − D22G) Z (t) + D21w (t)

,

Ã = [A − B2G + HF (E1 − E2G)] ,

B̃ = (B1 + �B1)

(8)

Based on reference [35], the H2 control law with state feedback can be expressed as follows:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ÃX2 + X2ÃT + B̃1B̃T
1 < 0[−Q (C2 − D22G) X2

X2 (C2 − D22G)
T −X2

]
< 0

D21 = 0, Trace (Q) < η2

(9)
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Based on reference [36], the H∞ control law with state feedback can be expressed as follows:⎡
⎢⎢⎣

ÃX1 + X1ÃT B̃1 X1 (C1 − D12G)
T

B̃T
1 −γ I DT

11

(C1 − D12G) X1 D11 −γ I

⎤
⎥⎥⎦ < 0 (10)

Based on reference [37], the performance requirements for regional pole placement can be
expressed as follows:

L ⊗ X + M ⊗
(

ÃX3

)
+ MT ⊗

(
ÃX3

)T

< 0. (11)

This problem can be solved by finding a common Lyapunov matrix, denoted as X, that satisfies a
set of linear matrix inequalities (9)–(11):

X = X1 = X2 = X3. (12)

To solve this multi-objective control problem, the following convex optimization problem is
required:

min
γ ,X ,W,Q

αγ + βTrace (Q) , (13)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡
⎢⎢⎢⎢⎣

AX + B2W + (AX + B2W)
T + μHHT ∗ ∗ ∗

B̃T
1 −γ I ∗ ∗

C1X + D12W D11 −γ I ∗
E1X + E2W 0 0 −μI

⎤
⎥⎥⎥⎥⎦ < 0

L ⊗ X + M ⊗
(

ÃX
)

+ MT ⊗
(

ÃX
)T

< 0[−Q C2X + D22W

(C2X + D22W)
T −X

]
< 0

Trace (Q) < η2
0, γ < γ0

where α, β, γ0 and η0 denote the given parameters.

The state feedback controller design method has H2/H∞ performance requirements and closed-
loop region pole constraints, which are solved using LMI techniques. Let W ′ and X ′ denote the optimal
solutions to the above problem. Then, the state feedback control law of the system is

u (t) = GZ (t) = W ′ (X ′)−1 Z (t) . (14)

The gain of the AMD control system is expressed as follows:

G = {
g1 . . . ga . . . gn gn+1 . . . g2n+2

}
, (15)

where ga, gn, and gn+1 denote the gains based on the displacement of the floor in which the AMD is
installed, the top floor, and AMD, respectively.

When AMD runs into a variable-limited area, as shown in Fig. 3, the displacement of the floor
with AMD and moving mass must be calculated in real time to determine the gains and control forces.
Because the building structure has many degrees of freedom, the displacement of the other floors is
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not considered when calculating the control force, which reduces the computation. Then, the control
forces are expressed as follows:

u′ (t) = − [ga (t) za (t) + gn+1 (t) zn+1 (t)] , (16)

where za denotes the displacement of the floor where the AMD is installed and zn+1 denotes the
displacement of the AMD.

Figure 3: The curve of the stroke-limitation mechanism

Assuming that ga = −gn+1, then

u′ (t) = −gn+1 (t) [zn+1 (t) − zn (t)] = −gn+1 (t) x (t) , (17)

where x(t) is the stroke of the moving mass and x(t) > 0.

Based on Eq. (17), we have

gn+1 (t) = −u′(t)/x (t) . (18)

From Eq. (17), if gn+1 > 0, the control force at the variable-limited area has the opposite sign to
x(t). When the AMD runs into a variable limited-area, the moving mass is subjected to braking force
u′ (t) reversing to x(t), so gn+1 > 0.

Based on Eqs. (15)–(18), the gain of the AMD control system is expressed as follows:

G = {
0 . . . ga . . . 0 gn+1 . . . 0

} = {
0 . . . −gn+1 . . . 0 gn+1 . . . 0

}
. (19)

When the AMD runs into the variable limited area (the shadow area shown in Fig. 3), the gain
at the variable-limited area is calculated by considering the maximum allowable stroke L and the real-
time velocity of moving mass V d. If AMD is not in a variable-limited area, the gain of the AMD
control system is calculated using the regional pole-assignment algorithm.
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In the variable-limited area, the velocity of the moving mass decreases. When the stroke of the
moving mass reaches L, its velocity is zero (Fig. 3). The moving mass’s velocity in a variable limited
area is

V (x) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

√
V 2

d − 2
0.9Fmax

mn+1

x (t)

(
L − V 2

d

)
1.8Fmax

m
n+1

≤ x (t) ≤ L

−
√

V 2
d + 2

0.9Fmax

m
n+1

x (t) − L ≤ x (t) ≤ −
(
L − V 2

d

)
1.8Fmax

m
n+1

(20)

where x(t), L, and Fmax denote the stroke of the moving mass, the maximum allowable stroke, and
the control force of the AMD control system, respectively. V d denotes the real-time velocity of the
moving mass at the boundaries of a variable-limited area. The accelerations can be determined by
differentiating the velocity of the moving mass as follows:

a (t) = dV
dt

=

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

− 0.9Fmax

mn+1

√
V 2

d − 2 0.9Fmax
mn+1

x (t)
ẋ (t)

(
L − V 2

d

)
1.8Fmax

mn+1 ≤ x (t) ≤ L

0.9Fmax

mn+1

√
V 2

d + 2 0.9Fmax
mn+1

x (t)
ẋ (t) − L ≤ x (t) ≤ −

(
L − V 2

d

)
1.8Fmax

mn+1

(21)

The expected control forces are

u

‘

(t) = mn+1 · a (t) . (22)

Substituting Eq. (19)–(22) into Eq. (18), the gain is based on the displacement of the floor where
AMD is installed and the moving mass is

gn+1 (t) = ga(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.9Fmax

x (t)

(
L − V 2

d

)
1.8Fmax

mn+1 ≤ x(t) ≤ L

−0.9Fmax

x(t)
− L ≤ x(t) ≤ −

(
L − V 2

d

)
1.8Fmax

mn+1

(23)

3 Numerical Simulation of an AMD Control System Using VGLA
3.1 Modeling of the AMD Control System Using VGLA

The high-rise building named KingKey Financial Center in Shenzhen, shown in Fig. 4a, has 100
floors above the ground and four floors underground. The height above the ground is 441.8 m, and
their structural modal parameters are listed in Table 1. The AMD control system depicted in Figs. 4b
and 4c includes two AMD control systems. The AMD’s control parameters are listed in Table 2. When
the moving mass is in an unlimited area. The control forces can be represented by Eq. (14). The VGLA
control system with stroke limitations is illustrated using a Simulink block diagram (Fig. 5).
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(a) (b)

AMD1 AMD2

(c)

Figure 4: The high-rise building and AMD control system. (a) The high-rise building; (b) The
installation position of AMD; (c) AMD control system

Table 1: The periods and frequencies of KK100 along the minor axis

Vibration mode Periods (s) Frequencies (Hz)

1 7.15 0.14
2 1.95 0.51
3 0.95 1.05
4 0.64 1.55

Table 2: Key parameters of the AMD control system

Index AMD

The auxiliary mass (t) 250 × 2
The effective stroke (m) ±2
The peak power (kW) 480 × 2
The maximum driving force (kN) 500 × 2
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The Simulink block diagram shown in Fig. 5 can be used to depict a VGLA system with stroke
limitations. The 10-year return period fluctuating wind speed is based on the Davenport spectrum,
and a mixed auto-regressive moving average model is used to simulate its stochastic process [38]. The
fluctuating wind load of the ith floor is calculated using the following equation [33]:

Pi = ρV (Z) ui (Z, t) μsS (24)

Figure 5: Simulink module of the stroke-limitation control system of VGLA

To verify and compare the control performance of the VGLA, the method of stroke-limited AMD
control system with VG in reference [33] is analyzed. The VG velocities of the moving mass in a fixed
limited area are calculated using Eq. (25) (Fig. 6). The VG gain of the moving mass in a fixed limited
area is calculated using Eq. (26). Its fixed boundary of fixed limited area, d is 1.5 m.

ẋa =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

3x + d − 4L
4 (d − L)

Vd d ≤ x ≤ d + L − d
3

6x − d − 5L
4 (d − L)

Vd d + L − d
3

< x < d + 2 (L − d)

3

3x − 3L
4 (d − L)

Vd d + 2 (L − d)

3
≤ x ≤ L

(25)

gn+1 (t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

3maV 2
d [3x (t) + d − 4L]

−16 (d − L)
2 x (t)

d ≤ x ≤ d + L − d
3

6maV 2
d [6x (t) − d − 5L]

−16 (d − L)
2 x (t)

d + L − d
3

< x < d + 2 (L − d)

3

9maV 2
d [x (t) − L]

−16 (d − L)
2 x (t)

d + 2 (L − d)

3
≤ x ≤ L

(26)
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Figure 6: The curve of the stroke-limitation mechanism of the VG control system

3.2 Simulation Results for VG and VGLA
Fig. 7 and Table 3 show that AMD without stroke limitations can effectively suppress the dynamic

response of the structure. The VG, VGLA, and AMD control systems without stroke limitations have
the same displacement and acceleration control effects. When the stroke of the moving mass exceeds
1.5 m, the control force and power of the VG increase rapidly (Figs. 7e, 7f, 7i, and 7j). In particular, as
demonstrated in Fig. 7i, when the moving mass of the VG control system enters a fixed limited area,
it moves rapidly. It is subjected to a large braking force, resulting in a sudden increase in power to
1459 kW.

(a) (b)

0 100 200 300 400 500 600
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25

D
is

pl
ac

em
en

t (
m

)

Times (s)

Without stroke limit

 VG

 VGLA

105 110 115 120 125 130
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25

128.25 128.50 128.75 129.00

-0.140

-0.135

-0.130

D
is

pl
ac

em
en

t (
m

)

Times (s)

Without stroke limit

 VG

 VGLA

(c) (d)

0 100 200 300 400 500 600
-0.2

-0.1

0.0

0.1

0.2

0.3

A
cc

el
er

at
io

n
(m

/s
2 )

Times (s)

Without stroke limit
 VG
 VGLA

105 110 115 120 125 130
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

127.0 127.5 128.0 128.5

0.050

0.075

0.100

0.125

0.150

0.175

A
cc

el
er

at
io

n
(m

/s
2 )

Times (s)

Without stroke limit
 VG
 VGLA

Figure 7: (Continued)
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Figure 7: The top floor’s responses and the AMD parameters

Table 3: Control effects and parameters of VG, VGLA, and AMD control systems without stroke
limitations
Index Place-

ment
Without stroke limit VG VGLA

Displace-
ment

Accelera-
tion

Displace-
ment

Accelera-
tion

Displace-
ment

Accelera-
tion

Control effect (%) The 87th

floor
27.43 28.89 27.25 28.73 27.29 28.80

The 92th

floor
27.45 28.22 27.28 27.96 27.31 27.96

The 98th

floor
27.47 23.52 27.30 23.25 27.33 23.31

Peak control forces (kN) 800.50 1000.00 873.93
Mean-square control forces (kN) 139.11 148.11 143.39
Peak strokes (m) 1.84 1.73 1.65
Mean-square strokes (m) 35.86 33.39 33.35
Peak power (kW) 625.93 1459.23 915.45
Mean-square power (kW) 81.06 98.10 81.94
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Furthermore, the peak stroke of the VG is 1.73 m, and the peak stroke of VGLA is 1.65 m. The
peak stroke of VG is 5.98% lower than that of the AMD system without stroke limitations. The peak
stroke of VGLA is 10.33% lower than that of AMD without stroke limitation. However, the peak
control force and power of the VGLA are 12.6% and 37.27% lower than those of the VG, respectively.
The mean-square control force and power of the VGLA are 3.20% and 16.47% lower than those of the
VG, respectively. Therefore, the control performance of VGLA is significantly better than that of VG.

4 Experimental Verification

As shown in Fig. 8, the experimental system comprises a single-span four-story steel frame struc-
ture and its control system. The AMD control system mainly comprises a servo driver, control motor,
DSPACE of board model DS1103, Ethernet for Control Automation Technology (EtherCAT) bus, and
microcomputer. The system is equipped with an EtherCAT bus system composed of an LMCF210201
linear control motor produced by Shenzhen Dazu Laser Company, Guangdong Province, EL3008
input terminal, EL4034 output terminal, and EK1100 coupling terminal; an AX5000 servo driver
produced by Beckhoff Company, Germany.

(a) Picture of the AMD experimental system 

Figure 8: (Continued)
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(b) Schematic diagram of the AMD control system 

Figure 8: Picture of the AMD experimental system and its schematic diagram

The weak axial displacement and acceleration of the four-floor steel frame structure can be
measured by applying the measurement system. The force balance acceleration sensor is used in the
system, and the micro-epsilon series laser displacement sensor is used in the system. The structural
mass matrix can be obtained using the concentrated mass method. That is, the mass of each floor
of the structure is obtained by calculating the geometric size, density, and other parameters of the
controlled structure as well as the related parameters of the equipment; the mass matrix is finally
combined. The structural stiffness matrix is obtained by utilizing FEM software. The aforementioned
components of the AMD control system are shown in Fig. 8.

Table 4 shows that the first two modes of the structure mainly contribute to the dynamic response
of the structure because the mass participation coefficient of the first two modes is 0.946, which is
approximately 1. The loading frequency of the loading system is 1 Hz. The corresponding peak value
of the excitation force is 45.89 N. Under this excitation, the maximum stroke is 0.4 m. Under the
action of excitation load, the time-history comparison of the measured displacement and acceleration
responses of each floor of the structure is shown in Fig. 9, and the control effects are shown in Table 5.

Table 4: Mode mass participation coefficient and natural frequency

Vibration mode Periods (s) Frequencies (Hz)

1 0.856 0.85
2 0.090 2.91

(Continued)
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Table 4 (continued)

Vibration mode Periods (s) Frequencies (Hz)

3 0.034 5.40
4 0.020 7.99
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Figure 9: (Continued)
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Figure 9: Experimental responses and AMD parameters

Table 5: Control effects and AMD parameters of the test

Index Without stroke limit VG VGLA

Displacement Acceleration Displacement Acceleration Displacement Acceleration

The second
floor

44.73 77.21 32.53 79.06 44.73 76.77

Control effect
(%)

The third
floor

28.68 59.01 33.56 66.26 28.68 66.01

The fourth
floor

27.09 55.69 34.25 73.36 34.06 74.93

Peak control forces (N) 26.51 32.93 25.34
Mean-square control forces
(N)

13.32 13.86 13.10

Peak power (W) 2.48 7.01 5.32
Mean-square power (W) 0.33 0.77 0.69
Peak strokes (cm) 46.25 29.51 23.69
Mean-square strokes (cm) 9.19 5.40 5.23

Table 5 and Fig. 9 show that the structural response does not completely obey the sinusoidal
variation law because of the interaction between the AMD control system and the structure and the
coupling of the horizontal and vertical vibrations of the structure. The control effects of VG and VGLA
are higher than that of an AMD without stroke limitations. The reason for this phenomenon is that
the stroke of AMD without stroke limitation exceeds the permitted stroke of the control system, and
the collision with the anti-collision device reduces its control effects.
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The peak stroke of VGLA is 19.72% less than that of VG, but the peak control force and power
of VGLA are 23.05% and 24.11% lower than those of VG, respectively. The mean-square stroke of
VGLA is 3.15% less than that of VG. However, the mean-square control power of VGLA is 10.40%
lower than that of VG. The experimental results agree with the numerical simulation results (Section 3).
Therefore, the control performance of VGLA is better than that of the traditional stroke-limitation
control method VG. The proposed VGLA method exhibits a good control effect and can significantly
decrease the stroke to guarantee the safe operation of the AMD control system.

5 Conclusions

In order to limit the stroke of the moving mass in the AMD control system, the relation between
the stroke and the corresponding feedback gain was established, and the design method of a stroke-
limitation system with variable limited area and gain was proposed. Finally, the numerical model of
an actual building structure and the experimental model of the four-story frame were taken to verify
the necessity and effectiveness of the stroke-limitation system with VGLA. The main conclusions are
drawn as follows:

(1) The stroke-limited AMD control system of the VGLA exhibits a good control effect. In a
situation where no collision of the control system without stroke limitation occurred, the control effect
of the VGLA is approximately equal to that of the control system without stroke limitation. In a
situation where a collision of the control system without stroke limitation occurred, the control effects
of the VGLA are better than those of the control system without stroke limitation.

(2) The maximum force and stroke of the AMD are considered in the stroke-limitation principle,
which can limit the control force and power of the VGLA to permissible ranges.

(3) Considering the variable limited area, the stroke limit effect of VGLA is better than that of
VG; however, the control force and power of VGLA are lower than those of VG.

(4) The numerical simulation results agree with the experimental results. The stroke-limitation
system with VGLA proposed in this study can effectively limit the stroke to a reasonable range, thus
ensuring the control effects and safety of the AMD system.

Based on the variable gain feedback control method, the VGLA method proposed in this paper
achieves a stroke limitation control method for building structures with variable-limit areas. The
application results show that the proposed method has a short stroke and requires low control power,
indicating its potential for effectively controlling structural vibrations in high-rise buildings.
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