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Vibration of the boom system is inevitably caused by periodic disturbances, which are induced by pumping concrete. In this paper,
an active control strategy of constant-position commandless input shaping technique is developed to suppress vibration. Based on
a set of independent modal equations obtained by adopting modal approach, the double-impulse control with reverse direction
is proposed, which is aiming at not only suppressing vibration, but also avoiding the variation of the equilibrium position of the
boom system after active control action. And the characteristic of time-lag existing in real system is also taken into account for
optimizing the control action. Experiments of vibration control were implemented on a 52-meter-long five-boom system to verify
the proposed control strategy.

1. Introduction

The truck-mounted concrete pump is a kind of specialmachi-
nery for conveying and pouring concrete, and it becomes
essential in various construction sites. The boom system of
truck-mounted concrete pump is a typical flexible multibody
dynamics system, so that serious vibration of the boom sys-
tem is inevitably caused by pumping concrete and large
motion. Because of the vibration, the end of the boom system
cannot reach the desired position, the waste of material inc-
reases greatly, and accidents arise frequently during construc-
tion. Furthermore, the dynamic stress induced by the vibra-
tion will reduce the fatigue life of the boom system seriously.
However, the vibration of the boom system becomes more
serious accompanied with the application of high pressure
pump, large discharge pump, and long booms. Therefore,
vibration control of the boom system becomes necessary.

In recent years, an increasing number of researches are
devoted to vibration control of the boom system. In order to
avoid the influence of vibration, a closed-loop detection and
open-loop control strategy is proposed for trajectory tracking

of single joint, in which the original trajectory is also optimi-
zed [1]. By considering the truck-mounted concrete pump as
two subsystems, the boom and the concrete pump, Cazzulani
et al. study the effects on boom vibration imposed by each
subsystem, and the research achievement provides the theo-
retical basis for boom vibration control [2, 3]. Furthermore,
considering the vibration excited in two cases of largemotion
and concrete pumping, Resta et al. develop the independent
modal control [4] and the active control strategy composed of
a feedback control and a feed-forward control to suppress the
booms vibration [5]. In [6], a disturbance estimator is pro-
posed to compensate the disturbance by using the actuators
which are used to drive booms. Huang et al. propose an active
control strategy for boom vibration, which is composed of
modal filter and optimal control theory [7]. In [8], a com-
pensation control method is proposed for vibration control,
which depends on vibratory trajectory prediction of the
boom system.

According to the aforementioned literatures, the control
methods are mainly proposed to deal with large motion
and external disturbance. However, considering the vibration
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excited by pumping concrete is more common and serious in
construction, and the periodic disturbances caused by pump-
ing concrete are hardly eliminated, therefore, the research of
vibration control aiming at external disturbance is empha-
sized in this paper.

Input shaping technique (IST) is an effective method for
suppressing unnecessary residual vibration of flexiblemecha-
nism [9–12]. It acts as a command filter based on the impulse
response of the system with the information of the vibration,
and it has been proved to be more effective by many appli-
cations. To deal with the adverse effects of nonlinearity, time
variation, and other characteristics, researchers develop IST
to various advanced forms including adaptive input shaper,
time-optimal input shaper, and robust input shaper [13–16],
which enhance its adaptivity and robustness. Commandless
input shaping technique (CIST) as a new form of IST is first
proposed in the literature [17], which is aimed at suppressing
vibration of the flexible structure caused by external distur-
bance. Differing from IST, the special impulse is induced
according to the principle of CIST, and the system response
of the impulse is able to counteract the original vibration
completely [18]. However, the deviation of the equilibrium
position of the boomalways results from the impulse in pract-
ical application.

In this work, an active control strategy of constant-posi-
tion CIST is developed, which is also based on independent
modal approach. According to the decoupled modal equa-
tions, double-impulse control with reverse direction is desi-
gned for vibration control to satisfy the practical application
and avoiding the variation of the equilibrium position after
implementing control action. Finally, the proposed active
control strategy is tested on a real 52-meter-long five-boom
system.

2. The Model of the Boom System

In this work, the research object is a 52-meter-long five-boom
system. As shown in Figure 1, the boom system is mainly
composed of five booms and five hydraulic cylinders. Since
the sectional dimension of each boom is smaller compared
to its length, the booms are all considered as Euler-Bernoulli
beam for analysis, and the axial and shear deformations of the
booms are all neglected.

In this section, the coordinate system is established as
Figure 2 shows.Theorigin of the 𝑖thmoving coordinate frame
is attached to the initial point of the 𝑖th boom, and the line
between the initial point and final point is taken as𝑋

𝑖
-axis.

In Figure 2, the 𝑖th boom in the corresponding moving
frame 𝑂

𝑖
𝑋
𝑖
𝑌
𝑖
is represented by vector r

𝑖
, and r

𝑖
= [𝑙
𝑖
0]

T, in
which 𝑙

𝑖
represents the length of the boom. In this section,

the subscript 𝑖 represents the number of the booms, and 𝑖 =

1, . . . , 5. p
𝑖
represents the position vector of point 𝑃 attached

to the 𝑖th boom, and p
𝑖
= u
𝑖
+ v
𝑖
, in which u

𝑖
= [𝑥
𝑖
0]

T,
and v

𝑖
= [0 V

𝑖
]
T. v
𝑖
represents the bending deformation at

this point.Therefore, the position vector of point 𝑃 in inertial
frame 𝑂𝑋𝑌 can be expressed as

p
𝑖0 =
𝑖−1
∑

𝑘=1
(R
𝑘
r
𝑘
) +R
𝑖
p
𝑖
, (1)
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Figure 1: Structural drawing of the boom system.
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Figure 2: Model of the boom system.

in which R
𝑖
represents the orientation transformation matrix

between themoving coordinate frame𝑂
𝑖
𝑋
𝑖
𝑌
𝑖
and the inertial

frame 𝑂𝑋𝑌, and it is deduced according to the geometrical
relationship presented in Figure 2:

R
𝑖
= [

cos𝛼
𝑖
− sin𝛼

𝑖

sin𝛼
𝑖

cos𝛼
𝑖

] , (2)

in which 𝛼
𝑖
represents the angle between the 𝑋

𝑖
-axis and 𝑥-

axis.
Differentiating both sides of (1) with respect to time, the

velocity of point 𝑃 can be obtained as follows:

ṗ
𝑖0 =
𝑖−1
∑

𝑘=1
(Ṙ
𝑘
r
𝑘
+R
𝑘
̇r
𝑘 𝑘+1) + Ṙ

𝑖
p
𝑖
+R
𝑖
ṗ
𝑖
. (3)
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Assuming that the booms are all homogeneous, the den-
sity of the boom can be expressed as 𝜌

𝑖
= 𝑚
𝑖
/𝑙
𝑖
.Therefore, the

kinetic energy of the boom system can be expressed as

𝑇 =

5
∑

𝑖=1
(
1
2
∫

𝑙𝑖

0
𝜌
𝑖
(ṗT
𝑖0ṗ𝑖0) 𝑑𝑥𝑖) . (4)

Since the deformation of the booms is relatively small,
the variation of the gravity potential energy caused by defor-
mation is negligible. Thus, the potential energy of the entire
system can be expressed as

𝑈 =

5
∑

𝑖=1

1
2
𝐸𝐼
𝑖
∫

𝑙𝑖

0
(
𝜕
2V
𝑖

𝜕𝑥
2
𝑖

)

2

𝑑𝑥
𝑖

+

5
∑

𝑖=1
𝑚
𝑖
𝑔(

𝑙
𝑖

2
sin𝛼
𝑖
+

𝑖−1
∑

𝑘=1
𝑙
𝑘
sin𝛼
𝑘
) ,

(5)

in which 𝐸 represents the elasticity modulus of the material
and 𝐼
𝑖
represents the second moment of area of the 𝑖th boom.

According to the assumed mode method, the deforma-
tion V

𝑖
can be obtained by utilizing the first second order Ritz

functions, which generally satisfy the accuracy requirement.
The generalized coordinates vector can be defined as q =

[𝜃 d]T, in which 𝜃 represents the joint angle vector and d
represents the deformation vector. According to the Lagrange
equations of the second kind, the flexible multibody dynamic
equation of the boom system can be deduced as

Mq̈+Cq̇+Kq = TF, (6)

in which M, C, and K represent the inertial, damping, and
stiffness matrices of the system, respectively. F represents
the control force vector acting on the boom system, and T
represents the kinematic relationship matrix.

According to (6), the undamped free vibration equation
of the system can be deduced:

Mq̈+Kq = 0. (7)

Modal analysis of the boomsystem is implemented for the
horizontal configuration, since the damage caused by vibra-
tion is more serious in this case. Table 1 shows the natural
frequencies of the first three modes obtained by numerical
simulation. In addition, the experimental frequency response
of the boom system is shown in Figure 3 for comparison. It
can be learned that the first two natural frequencies acquired
experimentally can accord with the numerical results, which
validates the established system model. In practical appli-
cation, the pumping frequency is generally limited between
0.2167Hz and 0.3667Hz, and it is close to the first order
natural frequency of the boom system, which easily leads to
resonance.

Figure 4 shows the first two modes of vibration of the
boom system, respectively, which are obtained by numerical
analysis. Table 2 gives the corresponding vibration state of
each boom in these two modes. It can be realized that vibra-
tion of the first three booms is veryweak and can be negligible
comparingwith the other booms, due to their higher stiffness.

Table 1: The natural frequencies of the boom system.

Natural frequency 1st 2nd 3rd
Value (Hz) 0.3807 0.9053 1.6799

Table 2: The maximum modal displacement of each boom in the
first two modes.

The number of the boom The first mode The second mode
The first boom 1 × 10−4 3 × 10−4

The second boom 3 × 10−4 15 × 10−4

The third boom 16 × 10−4 7 × 10−3

The fourth boom 28 × 10−2 9 × 10−1

The fifth boom 1 × 100 1 × 100
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Figure 3: Experimental frequency response of the boom system.

3. Vibration Control of the Boom System

This section presents an active control strategy for suppress-
ing vibration. The control strategy proposed is based on
independent modal approach. Based on a set of independent
modal equations, the control law containing two impulses is
designed to suppress vibration according to the principle of
original CIST. Moreover, the deviation of the equilibrium
position after implementing control action is also taken into
account. And the hydraulic cylinders used for driving the
booms are considered as the actuators to suppress vibration
in this work, without introducing other actuators.Themodal
coordinates used to describe vibratory state of the boom
system cannot be measured directly, and they are estimated
through a modal state observer.

3.1. Principle of CIST. CIST is a new control strategy for sup-
pressing the vibration induced by external disturbance, which
is an evolution of IST. However, its principle is different from
the well-known time-lag filtering of IST. Actually, the basic
idea of CIST is to generate the appropriate impulse which
triggers the reverse vibration to counteract the original one,
so that the original vibration can be completely eliminated.
The principle of CIST is shown in Figure 5; when vibration
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Figure 4: Modal of vibration of the boom system: (a) the first mode, (b) the second mode.
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Figure 5: The principle of CIST.

of the flexible structure is detected, an impulse generated by
CIST will be imposed on the flexible system at once. Then,
vibration is eliminated through the superposition of impulse
responses.

3.2. Independent Modal Approach. Generally, not all the
modes should be considered in vibration control because only
the former modes play an important part in dynamics of the
boom system. Therefore, only the former modes are consi-
dered in this work. Defining 𝑛 as the number of modes con-
sidered, the eigenvector matrix of the considered modes can
be expressed as

Φ = [𝜙1 ⋅ ⋅ ⋅ 𝜙
𝑛] , (8)

in which 𝜙
𝑗
represents the eigenvector of the 𝑗th mode con-

sidered.

To apply the independent modal approach, the equation
needs to be decoupled by defining the transformation in
modal coordinates, which is expressed as

q = Φ𝜂, (9)

in which 𝜂 represents the vector of modal coordinates.
Substituting (9) into (6) and left multiplying both sides of

the new expression of (6) withΦT yield

Φ
TMΦ�̈�+ΦTCΦ�̇�+ΦTKΦ𝜂 = ΦTTF. (10)

The damping matrix in equation is defined according to
the Rayleigh damping assumption:

C = 𝑎M+ 𝑏K, (11)

in which the coefficients 𝑎 and 𝑏 are obtained experimentally.
Therefore, the decoupled equation can be deduced as

M̂�̈�+ Ĉ�̇�+ K̂𝜂 = U
𝐶
, (12)

in which M̂ = Φ
TMΦ, Ĉ = Φ

TCΦ, K̂ = Φ
TKΦ,U

𝐶
= Φ

TTF,
and M̂, Ĉ, and K̂ are the diagonal matrices.Therefore, a set of
independent modal equations are obtained according to (12):

𝑚
𝑗
̈𝜂
𝑗
+ 𝑐
𝑗
̇𝜂
𝑗
+ 𝑘
𝑗
𝜂
𝑗
= 𝑢
𝑗
. (13)

3.3. Vibration Control Based on Constant-Position CIST.
According to the principle of CIST in Figure 5, the vibration
of the boom system can be eliminated completely by applying
an appropriate impulse at the very moment of vibration occ-
urrence in theory. However, in view of the characteristics
of time-lag existing in the real boom system and variation
of the equilibrium position after implementing the control
action, the original control strategy will become insufficient
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in practical application. To achieve the preferable control per-
formance, constant-position CIST is proposed in this work,
and the control block diagram is shown in Figure 6, in which
D represents the external disturbance.

In this work, the first twomodes are considered for vibra-
tion control, and the corresponding actuators are required to
implement control action. Because of weak vibration of the
first three booms according to the numerical results described
in Section 2, the last two actuators are considered for imple-
menting control action. According to the acquired indepen-
dent modal equations, the transfer function can be described
by the second order system:

𝐺
𝑗 (𝑠) =

𝜔
2
𝑗

𝑠2 + 2𝜉
𝑗
𝜔
𝑗
𝑠 + 𝜔

2
𝑗

, (14)

inwhich 𝜉
𝑗
and𝜔

𝑗
represent the corresponding damping ratio

and natural frequency, respectively.
According to [17], the response of single impulse distur-

bance can be expressed as

𝜂
𝑗𝑑 (𝑠) =

𝑠𝜂
𝑗0 + 2𝜉

𝑗
𝜔
𝑗
𝜂
𝑗0 + ̇𝜂
𝑗0

𝑠2 + 2𝜉
𝑗
𝜔
𝑗
𝑠 + 𝜔

2
𝑗

, (15)

in which 𝜂
𝑗0

and ̇𝜂
𝑗0 represent the initial modal coordinate

and velocity, respectively.
In this section, double-impulse control with reverse

direction is designed for the considered modes, which is pre-
sented by (16).The principle of double-impulse control is des-
cribed in Figure 7. According to this figure, it can be learned
that the original vibration is eliminated by the superposition
of two impulses responses; furthermore, the designed two
impulses with reverse direction are also beneficial to avoid
the boom deviating from the original equilibrium position in
control process because the variation of equilibrium position
caused by one impulse can be counteracted by the other:

𝑢
𝑗 (𝑠) = 𝑢

𝑗1𝑒
−𝑠𝑡𝑗1 +𝑢

𝑗2𝑒
−𝑠𝑡𝑗2 , (16)

in which 𝑢
𝑗1
and 𝑢
𝑗2
denote the amplitudes of the two impul-

ses and 𝑡
𝑗1
and 𝑡
𝑗2
denote the acting moments of these two

impulses, respectively.
Taking the time-lag characteristic of the hydraulic system

into account, the dynamics of single hydraulic driving system
can be approximately expressed as follows with respect to
impulse action:

𝐺
ℎ (𝑠) = 𝐾𝑒

−𝑠𝑡ℎ , (17)

in which 𝐾 denotes the proportional gain and 𝑡
ℎ
represents

the lagging time. These parameters are all estimated accord-
ing to experimental data.

Vibration induced by U1

Resultant response
Vibration induced by U2

The original vibration

t (s)

A

0

−A

U1

U2

T/2

Figure 7: The principle of double-impulse control.

According to the designed control law, the active control
response can be obtained as

𝜂
𝑐𝑗 (𝑠) =

𝐾𝑒
−𝑠𝑡ℎ (𝑢

𝑗1𝑒
−𝑠𝑡𝑗1 + 𝑢

𝑗2𝑒
−𝑠𝑡𝑗2) 𝜔

2
𝑗

𝑠2 + 2𝜉
𝑗
𝜔
𝑗
𝑠 + 𝜔

2
𝑗

. (18)

In practice, the action of the first impulse is not simulta-
neous with the occurrence of the vibration due to the existing
lagging time. In this work, the first impulse is designed to
take effect at the very moment of half-vibration period after
vibration occurs. Moreover, the lagging time has also been
taken into account to avoid its adverse effect. Therefore, 𝑡

𝑗1

can be determined by

𝑡
𝑗1 =

𝑇
𝑗

2
− 𝑡
ℎ
, (19)

in which 𝑇
𝑗
represents the corresponding vibration period.

According to the transformation in aforementioned
modal coordinates, the practical control action directly dep-
ending on the modal coordinates can be deduced as

F = (Φ
TT)
−1
U
𝐶
. (20)

Defining D = (Φ
TT)−1, because the number of control

forces equals the number of considered modes, D is an 𝑛 × 𝑛

matrix. The𝑚th element in vector F can be described as

𝑓
𝑚
=

𝑛

∑

𝑗=1
𝑑
𝑚𝑗
𝑢
𝑗
, (21)

in which 𝑑
𝑚𝑗

represents the element ofD and the subscript𝑚
represents an integer between 1 and 𝑛.

According to the proposed control law, 𝑢
𝑗
is composed of

two impulses. And the impulses are specially designed to sat-
isfy an appropriate relationship in this work, following which
the variations of the equilibrium position caused by each
impulse can be mutually counteracted, so that final variation
of the equilibrium position is avoided after control action is
implemented. The relationship should be deduced according
to the hydraulic system. As a result, from the equilibrium
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equation with respect to the 𝑚th actuator, it can be deduced
that

∫ (𝐾
𝑞1𝑘𝑑𝑚𝑗𝑢𝑗1 − 𝑄

𝑚1) d𝑡
𝐴
𝑚1

+

∫ (𝐾
𝑞2𝑘𝑑𝑚𝑗𝑢𝑗2 − 𝑄

𝑚2) d𝑡
𝐴
𝑚2

= 0,

(22)

in which𝐴
𝑚1

and𝐴
𝑚2

represent the effective areas of the two
chambers of the actuator, 𝑄

𝑚1
and 𝑄

𝑚2
represent the total

leakage in each side,𝐾
𝑞1
and𝐾

𝑞2
represent flow coefficients in

corresponding workstations of the corresponding valve, and
𝑘 represents the amplification gain of the valve.

Because the action time of each impulse is the same as the
others in practice, the relationship can be deduced according
to (22):

𝑢
𝑗1 =

𝐴
𝑚1 (𝐾𝑞2𝑘𝑑𝑚𝑗𝑢𝑗2 − 𝑄

𝑚2) + 𝐴
𝑚2𝑄𝑚1

𝐴
𝑚2𝐾𝑞1𝑘𝑑𝑚𝑗

. (23)

According to the principle of CIST illustrated in
Section 3.1, and the relationship between the two impulses,
control action 𝑢

𝑗
with respect to the 𝑚th actuator can be

obtained, and the corresponding parameters are solved as

𝑡
𝑗1 =

𝑇
𝑗

2
− 𝑡
ℎ
,

𝑡
𝑗2

=

(sin−1 (𝐾
𝑞2𝐴𝑚1𝑁/(𝑀

2
+ (𝑁𝐾

𝑞1𝐴𝑚2)
2
)) − 𝜑)

𝜔
𝑑𝑗

− 𝑡
ℎ
,

𝑢
𝑗1 =

𝜎𝜂
𝑗0 + ̇𝜂
𝑗0 + 𝜂
𝑗0𝜔𝑑𝑗 cot [𝜔𝑑𝑗 (𝑡𝑗2 + 𝑡

ℎ
)]

𝐾𝜔
2
𝑗

,

𝑢
𝑗2 =

𝜂
𝑗0𝜔𝑑𝑗

𝐾𝜔
2
𝑗
sin [𝜔

𝑑𝑗
(𝑡
𝑗2 + 𝑡
ℎ
)]

,

(24)

in which 𝜑 = tan−1(𝑁𝐾
𝑞1𝐴𝑚2/𝑀), 𝑁 = 𝜂

𝑗0𝜔𝑑𝑗𝑘𝑑𝑚𝑗, 𝑀 =

𝐾
𝑞1𝐴𝑚2𝑘𝑑𝑚𝑗(𝜎𝜂𝑗0+ ̇𝜂

𝑗0)+𝐾𝜔
2
𝑗
(𝐴
𝑚1𝑄𝑚2−𝐴𝑚2𝑄𝑚1),𝜎 = 𝜉

𝑗
𝜔
𝑗
,

and 𝜔
𝑑𝑗
= 𝜔
𝑗√1 − 𝜉

2
𝑗
.

3.4. Modal Coordinates Estimation. The proposed control
strategy is based on independent modal approach. Modal
coordinates of the consideredmodes are necessary for control
action, which affect the final control performance. Generally,
the modal coordinates cannot be measured directly, which
need to be estimated by a modal observer, which is presented
in this section.

The state equation of the system can be defined according
to (6):

Ẋ = AX+BF,

Y = PX,
(25)

SAS

Angle velocity sensor

The boom
system

Monitoring
system

Figure 8: The experimental set.

in which X represents the state-space vector, Y represents
the measurements vector, and P represents the relationship
between the measurements and the system coordinates.

Because the modal coordinates are required in this work,
it is necessary to switch to modal components. Similarly, the
transformation can be defined as

X = Φ𝜂. (26)

Similarly, substituting (26) to (25) and left multiplying
both sides of the generated equation withΦ−1 yield

�̇� = A
𝑘
𝜂+B
𝑘
F,

Y = P
𝑘
𝜂,

(27)

in which A
𝑘
= Φ
−1AΦ, B

𝑘
= Φ
−1BΦ, and P

𝑘
= PΦ.

The modal observer is defined as
̇̂𝜂 = A
𝑘
�̂�+B
𝑘
F+H (Y− Ŷ) ,

Ŷ = P
𝑘
�̂�,

(28)

in which �̂� represents the estimated vector of modal coor-
dinates, Ŷ represents estimated measurements vector, and H
represents the gainmatrix of the observer, which is calculated
by adopting the well-known poles placement method.

4. Experiments and Analysis

To verify the effectiveness of the proposed control strategy,
experiments of vibration control were implemented on a
real 52-meter-long five-boom system shown in Figure 8. The
original 16-bit PLC was preserved as the core controller
to implement active control without assistance from other
equipment, which is fit for the practical engineering applica-
tion.Theboom statewas detected by space angle sensor (SAS)
and angular velocity sensor shown in Figure 8. Impulse is
not possible to be implemented in practice, in view of which,
pulse was applied for implementation to replace impulse.

External disturbances imposed on the boom system are
composed of a lot of consecutive impulses. Vibration control
experiments were primarily implemented to deal with single
impulse disturbance. At the beginning, the boom system was
approximately extended to the horizontal configuration for
experiment because larger vibration will be excited obviously
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Figure 10: Experimental results of the fourth boom under single impulse disturbance.

in this case. The original vibration was produced by means
of external equipment. Initially, the boom system was devi-
ated from the equilibrium position by external force, and
vibration was excited at the moment of repealing external
force. Figure 9 shows the principle of exciting vibration, and
Figure 10 presents the experimental results by adopting
constant-positionCIST, in which the initial equilibriumposi-
tion is marked as zero. In order to verify the effectiveness of
the proposed control strategy, free vibration of the boom sys-
tem is also presented for comparison. According to the exper-
imental results, it can be learned that the vibration is reduced
about 65%by adopting the active control action, and themax-
imum angular velocity is also reduced from 0.87∘/s to 0.16∘/s.
Therefore, it can be concluded that the proposed control
strategy is effective to suppress the vibration which is caused

by single impulse disturbance. In addition, when the boom
tends towards stability, the new equilibrium position does
not deviate from the initial one, which states that constant-
position CIST is not only effective to accomplish vibration
suppression, but also able to avoid the variation of the equi-
librium position after implementing the control action.

Considering periodic shocks inevitably disturbing the
boom system, constant-position CIST is also required to
counteract the periodic external disturbances in practice. In
this section, pumping concrete is replaced by pumping water
to produce vibration. Experimental results with respect to
periodic disturbances are represented in Figure 11. In the
beginning of this experiment, vibration was excited and
lasted. Then, the control action was started at 42 seconds. To
compare the vibration state with and without active control



8 Shock and Vibration

1

1.5

0.5

0

−0.5

−1
0 50 100 150

Time (s)

A
ng

le
 (∘

)

(a) The vibratory state

0 50 100 150

Time (s)

400

200

0

−200

−400

O
ut

pu
t (

m
A

)

(b) The corresponding control action

Figure 11: Experimental results of the fourth boom with and without constant-position CIST under periodic disturbances.

action, the control action was repealed at 127 seconds. Acc-
ording to the experimental results, it is seen that vibration is
reduced about 55% by the effect of the initial control action,
and it is limited in a small range later due to the subsequent
control action. Moreover, little deviation of the equilibrium
position has been detected in process. Figure 11 also presents
the corresponding control action relation to the fourth
actuator. According to the figure, it is learned that positive
action and negative action are generated alternatively, which
accords with the proposed control strategy. In addition, the
control action can also adapt to the real vibratory state of
the system. It can be obviously acquired that constant-posi-
tion is also effective for periodic disturbances. The range is
determined by the given threshold, but its value cannot be set
too small; otherwise system stability may be deteriorated as
weak vibration is excited.

5. Conclusions

For the vibration of the boom system caused by pumping con-
crete in construction, the active control strategy of constant-
position CIST is discussed in this work.

According to a set of the independent modal equations
deduced by independent modal approach and the considered
control modes, the control action consisting of two impulses
with reverse direction is designed to suppress vibration and
avoid the variation of the equilibrium position at the end.
In addition, the lagging time existing in practical application
is also taken into account for obtaining preferable control
action.

Experiments of suppressing the vibration caused by single
disturbance and periodic disturbances were implemented,
respectively. The results show that the vibration can be redu-
ced obviously in a short time by adopting the active control
strategy. In addition, the variation of the equilibriumposition
can hardly be detected according to the experimental results.

These promising results indicate that the proposed con-
trol strategy is able to overcome the external disturbances
induced by pumping concrete and satisfies the requirement
of vibration control in practical application.
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