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+e problem of the elastic vibration control for a translational flexible manipulator system (TFMS) under variable load conditions
is studied.+e input shaper can effectively filter out the vibration excitation components for the flexible manipulator in the driving
signals, but the adaptability and rapidity of the conventional input shaper are poor because it is essentially an open-loop control
mode and there are time-lag links inevitably. +us, by combining the state feedback with the input shaping, a master-slave
integrated controller of the TFMS is proposed. Moreover, in order to solve the time-lag effect of the conventional input shaper,
based on the optimal algorithm, a two-mode vibration cascade shaper for the TFMS is designed. +en, under variable load
conditions, the control effects of the conventional input shapers, the two-mode vibration cascade shaper, and the combination of
the state feedback integral controller (SFIC) with the above shapers are investigated. +e results show that the designed master-
slave integrated controller has high robustness under variable load conditions and takes good account of the requirements of
system response time and overshoot for achieving the goal of nonovershoot under fast response speed. Simulation experiment
results verify the effectiveness of the designed controller.

1. Introduction

+e efficient encapsulation of the integrated circuit (IC)
board depends on the precision of the SMTassembly devices.
On the SMT assembly line, the packaging equipment is the
device whose actuators are mainly assembled by the me-
chanical manipulator [1, 2]. +us, the structural and dy-
namic characteristics of the mechanical manipulator have
a very important influence on the encapsulation level of the
IC board. +e rigid structures are often adopted to the
traditional SMT assembly manipulator, and the overall
structure is heavy and the structural buffeting is inevitable,
which have a great influence on the working efficiency and
positioning accuracy of the whole machine. In order to
improve the overall performance of the IC packaging ma-
chinery, the system structure should be improved to achieve

the purpose of lightweight, which is also the basis for high
speed and integration. Compared with the rigid manipu-
lator, the flexible manipulator has the advantages of light-
weight, high speed, low energy consumption, and so on.
However, owing to the low stiffness and large deflection, the
flexible manipulator is prone to generate elastic vibration
during movement, which is contrary to the requirement of
the motion precision for the IC packaging [3, 4]. +us, it is
the precondition for realizing the effective utilization of the
flexible manipulator in the packaging equipment to deeply
study the system dynamic characteristics and vibration
suppression strategy [5–7].

+e existing high-precision and high-dynamic response
manipulators are mostly driven by the permanent magnet
servo system. +e translational flexible manipulator system
(TFMS) driven by the permanent magnet motor is
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a complex electromechanical system with a multimodule
structure and multiphysical process [8–10]. On the SMT
assembly line, owing to the fact that the size and quality of
the electronic chips vary, the TFMS has variable load
conditions during the operation process. Moreover, because
of the structural characteristics of the flexible manipulator,
the variable load conditions have significant influence on the
dynamic characteristics of the TFMS and the performance of
the corresponding vibration controller. +e dynamic char-
acteristic of a Cartesian manipulator with an end effector
was studied in [11], and the results showed that the end
effector placed at various locations may cause catastrophic
failure. Similarly, under external and parametric excitations,
Hamed et al. analyzed the nonlinear resonance and stability
of the Cartesian manipulator with an intermediate end ef-
fector [12]. A mass ratio was defined in [13], and it was seen
that the saddle-node bifurcation point of the frequency
response curve for the subharmonic resonance of a visco-
elastic Cartesian manipulator tended to decrease with the
increase of the mass ratio. Because of the low stiffness and
heavy deflection, the modal characteristics of the flexible
manipulator are easily affected by load factors. +us,
when the elastic vibration controller of the TFMS is
designed, the effect of terminal load should be considered
comprehensively.

Fortunately, the full-state feedback controller can sig-
nificantly improve the system dynamic characteristics by
arbitrarily configuring the system closed-loop poles. On the
basis of a zero set concept, a robust state feedback controller
was presented for the STATCOM state feedback design [14].
+e full-state feedback controller and output feedback
controller were applied to a rehabilitation robot for the
system uncertainties, and the results showed that the
designed controller can effectively track the desired trajec-
tory [15]. Aiming at the general linear heterodirectional
hyperbolic systems, the state feedback regulator for the
backstepping-based solution was designed [16]. When there
are variable load conditions, the closed-loop poles of the
TFMS can be configured by the state feedback controller to
realize the effective control of the elastic vibration. However,
the state feedback controller is essentially a closed-loop
feedback controller, which inevitably suffers from the
contradiction between the overshoot and the accuracy of the
system response [17–19]. On the contrary, the state feedback
controller has hysteresis in the vibration control of the
TFMS, which means that the output signal of the drive end
has already aroused the systemmode vibration, and then the
controller is used to adjust it. In order to solve the above
problems, it is necessary to design the parameters of the
closed-loop feedback controller to achieve themultiobjective
optimization of the system response speed and overshoot,
which increases the difficulty of the design of the state
feedback controller itself.

+e input shaping method is a typical feedforward
control method. +rough the convolution of the system
input with a series of pulse signals, the new system input
control signal, among which the frequency component that
can arouse the system oscillation is filtered, can be generated
to drive the original system. With the exact boundary

conditions considered, the input shaping method was
combined with the PD controller to suppress the residual
vibration of a flexible-link parallel manipulator [20]. In [21],
by using the S-type command, the modified input shaping
was applied to realize the point-to-point motion of a mod-
ularized cable-suspended robot. A novel gripper was pre-
sented in [22], and the input shaping method was used to
control the system residual vibration. Compared with the
closed-loop control method, the input shaping method can
adjust the system input in advance and has the ability of
suppressing the system overshoot significantly. However,
the input shaping method is essentially an open-loop control
method which has poor adaptability under variable load
conditions. +us, it requires further research on how to
combine the state feedback controller and the input shaper
and apply it to the vibration control of the TFMS.

Above all, for the purpose of improving the robustness,
rapidity, and accuracy of the vibration controller under
variable load conditions, the combination mode of the state
feedback controller and the input shaper is investigated to
constitute the master-slave integrated controller for the
elastic vibration of the TFMS. In the specific design process,
with the inherent static difference considered, the state
feedback controller is integrated with the integral controller
to form the state feedback integral controller (SFIC).
Moreover, based on the optimal algorithm and the cascade
method, the two-mode vibration cascade shaper of the
TFMS is designed, which can effectively relieve the time-
delay effect of the conventional input shaper. +e structure
of this paper is organized as follows: Section 2 gives the
dynamic modelling and decoupling analysis of the TFMS.
+emain contribution of this paper is presented in Section 3,
which shows the design of the master-slave integrated
controller for the elastic vibration of the TFMS. Simulation
analysis is carried out in Section 4. +e conclusions are
summarized in Section 5.

2. Dynamic Modelling and Decoupling Analysis

+e motion diagram of the TFMS is shown in Figure 1,
where ωy(x, t) is the transverse vibration of P point on the
flexible manipulator, mt indicates the quality of terminal
load, and Z(t) is the displacement of the base. +e AC
servomotor drives the base through the coupling and the ball
screw pair, and then the flexible manipulator, which is
rigidly connected with the base, can be driven to complete
the specified operation. It is seen that the AC servomotor
drives the flexible manipulator while exciting its elastic vi-
bration. In the modelling process, the assumptions are made
as follows: (i) the connection between the base and the
flexible manipulator is purely rigid; (ii) the transmission gap
of the transmission system is neglected; (iii) the flexible
manipulator is equivalent to the Euler–Bernoulli beam and
only the transverse vibration is considered; and (iv) the
flexible manipulator moves on the horizontal plane and the
influences of gravity and air damping force are ignored.

Taking the center of the base as the coordinate origin, the
transverse absolute coordinates of the P point can be
expressed as

2 Shock and Vibration



Y(x, t) � Z(t) + ωy(x, t). (1)

+e kinetic energy of the TFMS includes the kinetic
energy of the base, the kinetic energy of the flexible ma-
nipulator, and the kinetic energy of the terminal load, which
can be shown as
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where mb is the mass of the base and ρ, A, and L are the
density, the cross-sectional area, and the length of the
flexible manipulator, respectively. +e derivative notations
are defined as _Δ � z(Δ)/zt.

+e potential energy of the TFMS mainly considers the
elastic potential energy generated by the deformation of the
flexible manipulator, which can be represented as

Ue �
1
2
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zx2
⎡⎣ ⎤⎦

2

dx, (3)

where E and I are the modulus of elasticity and the moment
of inertia of the flexible manipulator, respectively.

+e external force of the TFMS mainly includes the
driving force transmitted by the AC servomotor through the
ball screw pair and the friction resistance between the base
and the moving guide rail. In addition, the structural
damping force of the flexible manipulator itself also needs to
be considered. +e direction of the driving force is along the
motion direction of the base, while the directions of the
friction and the structural damping force are opposite. +en,
according to the virtual work principle [23, 24], the external
virtual work of the TFMS can be shown as

σWe � F(t)σZ(t)−Rf
_Z(t)σZ(t)− μs 

L

0
_ωy(x, t)σωy(x, t)dx,

(4)

where F(t) is the driving force of the base, Rf is the friction
coefficient between the base and the moving guide rail, and
μs indicates the structural damping of the flexible manip-
ulator itself.

Based on Hamilton’s principle [25, 26], the relationship
among the kinetic energy, the potential energy, and the
virtual work of the TFMS can be written as

 δTe − δUe + δWe( dt � 0. (5)

Substitution equations (1)–(4) into equation (5) yields

mb + mt + ρAL(  €Z(t) + mt
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zx4 + μs _ωy(x, t) � 0.

(7)

Equations (6) and (7) are a set of partial differential
equations, which are difficult to be solved and are not
convenient for the design of the vibration controller. Here,
the assumed mode method is used to decouple the spatial
and temporal scales of the elastic vibration of the flexible
manipulator [27, 28]. +en, the transverse vibration of the
flexible manipulator can be further expressed as

ωy(x, t) � 
∞

i�1
ϕi(x)qi(t), (8)

where ϕi(x) is the i-th modal shape of the TFMS and qi(t)

denotes the corresponding modal coordinates.
Because the root of the flexible manipulator is rigidly

connected with the base, the boundary condition at the root is
a fixed constraint: the deflection and the rotation angle are
both 0. On the contrary, the end of the flexible manipulator is
regarded as a free boundary condition: the bending moment
and the shear force are both 0.+us, the mode shape function
of the flexible manipulator can be further shown as [29]

Z (t) x

Servo motor
Coupling

Ballscrew

Base Flexible manipulator P

ωy (x, t)
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Figure 1: Motion diagram of the TFMS.
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ϕi(x) � sin βix− sinh βix−
sin βiL + sinh βiL

cosh βiL + cos βiL

· cos βix− cosh βix( ,

(9)

where βi is a constant which is determined by the boundary
conditions of the flexible manipulator and can be calculated
by the equation cos βiL cosh βiL � −1.

With equation (8) combined, it is known from the re-
lationship of structural mechanics that

EI
z4ϕi(x)

zx4 � ρAw
2
i , (10)

where wi is the i-th modal frequency of the flexible
manipulator.

Substituting equations (8) and (10) into equations (6)
and (7), one can obtain

mb + mt + ρAL(  €Z(t) + 
∞

i�1
mtϕi(L) + ρA 

L

0
ϕi(x)dx €qi(t)

� F(t)−Rf
_Z(t),

(11)

ρA €Z(t) + 
∞

i�1
ρAϕi(x)€qi(t) + ρAw

2
i qi(t)− μsiϕi(x) _qi(t)  � 0,

(12)

where μsi is the structural damping of the i-th mode for the
flexible manipulator.

+rough multiplying both sides of equation (12) by
ϕj(x) and integrating along the length of the flexible ma-
nipulator, the dynamic model of the TFMS with spatial scale
and time scale decoupled can be shown as
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(13)

3. Control Design

3.1. Design of the SFIC. According to the existing research,
on the flexible manipulator, whose length is much larger
than its cross-sectional area, the first several low-order
modes play a leading role in the system vibration responses.
And taking the first two order modes can completely meet
the control requirements for the TFMS [30, 31]. In order to
facilitate the design and analysis of the SFIC, the state
variables are taken as xt � Z q1 q2

_Z _q1 _q2 
T
. +en,

equation (13) can be represented as a state-space model,
which is shown as
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Based on the system controllability and observability
theory, one can obtain that the state variables of the TFMS
are completely controllable and observable [32, 33]. +en,
with our previous work on the design of the two-time-
scale observer for the flexible manipulator combined [31],
the SFIC of the TFMS is constructed and shown in Fig-
ure 2, where Yr(L, t) is the expected displacement of the
end of the TFMS, Kz is the gain matrix of the state
feedback controller, Ki is the coefficient of the integral
controller, and Δ represents the observation value of the
corresponding quantity. +e SFIC of the TFMS mainly
includes three parts: the two-time-scale observer, the state
feedback controller, and the integral controller. +e two-
time-scale observer, including the speed observer and the
vibration observer, is designed to achieve the estimation
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for the vibration signals, and their time derivative of the
TFMS as well as the speed observer and the vibration
observer is separately designed for the slow and fast
subsystems which are decomposed from the dynamic
model of the TFMS by the singular perturbation. +e two-
time-scale observer provides necessary status information
for the state feedback controller to realize the state reg-
ulation for the TFMS. Moreover, the state feedback
controller is combined with the integral controller for
solving the inherent static difference.

+e error vector of the desired displacement at the end of
the TFMS is defined as

_p(t) � e(t) � Yr(L, t)− Y(L, t). (16)

+en, the output control quantity of the SFIC can be
expressed as

ut(t) � Kzxt(t) + Ki  e(t)dt � Kz Ki 
xt(t)

p(t)
 . (17)

In order to prove that the designed SFIC can drive the
TFMS to a specified position without static error, the end
positioning error of the flexible manipulator is added as
a new state variable. And the augmented system can be
shown as
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where C1 � 1 0 0 0 0 0 , C4 � 1 ϕ1(L) ϕ2(L) 0 0 0],
Ke � Ks Kf 

T, and d(t) is the external interference of the
TFMS.

Equation (17) is substituted into equation (18),
and the Laplace transform is carried out for the result.
+en, according to the terminal value theorem, the

steady-state value for the augmented TFMS can be ob-
tained as
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(19)

where S is the symbol of the Laplace transform.
According to equation (19), p(t) tends to be constant,

which means that the system error vector tends to 0. +en,
the static error of the desired displacement at the end of the
TFMS can be shown as

lim
t⟶∞

Yr(L, t)− Y(L, t)  � lim
t⟶∞

_p(t) � 0. (20)

+rough the above analysis, by designing a suitable state
feedback control law for the augmented TFMS, the purpose
of positioning the flexible manipulator to a specified position
without deviation is achieved.

Based on the pole assignment method, the control
parameters of the SFIC are designed. Because the first two
modes of the transverse vibration of the flexible manipu-
lator are considered, there are 7 poles in the augmented
TFMS. Moreover, owing to the fact that the vibration
frequency and damping of the transverse vibration mode
coordinates are much smaller than the vibration frequency
and damping of the base, the response of the augmented
TFMS is mainly determined by the two pairs of poles
corresponding to the vibration mode coordinates, and the
other three poles are fast poles. According to equation (18),
the system matrix and input matrix for the augmented
TFMS can be expressed as

Z (t)

Ŷ (L, t)

Yr (L, t)

TFMS

Slow
subsystem

Fast
subsystem

Speed
observer

Vibration
observer

+ –

–+
ωy (L, t)
Z (t)

Translational flexible
manipulator system (TFMS)

Y (x, t)

Kz

Ki∫

Integral gain
Ẑ (t)

Ẑ
.
 (t)

ω̂.y (L, t)

ω̂ y (L, t)

+

Figure 2: State feedback integral controller of the TFMS.
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Ag �
A 0

−C4C 0
 ,

Bg �
B

0
 .

(21)

+e expected poles for the augmented TFMS are as-
sumed as 1 2 3 4 5 6 7 . +e first four are the
two pairs of poles that play a leading role in the transverse
vibration of the flexible manipulator, and the other three are
fast poles. +en, the characteristic polynomial for the aug-
mented TFMS can be deduced as

f1() � − 1(  − 2(  − 3(  − 4(  − 5(  − 6(  − 7( 

� ℓ0
7

+ ℓ1
6

+ ℓ2
5

+ ℓ3
4

+ ℓ4
3

+ ℓ5
2

+ ℓ6 + ℓ7,

(22)

where ℓ0, ℓ1, ℓ2, ℓ3, ℓ4, ℓ5, ℓ6, and ℓ7 are the constant co-
efficients related to the expected poles.

In the augmented TFMS, the feedback gainmatrix can be
expressed as Kg � Kz Ki 

T. +en, after introducing the
SFIC, the system matrix for the augmented TFMS can be
shown as Agc � Ag −BgKg. With equation (22) combined, it
is known that the system matrix for the augmented TFMS
should satisfy

φ Agc  � ℓ0 Ag −BgKg 
7

+ ℓ1 Ag −BgKg 
6

+ ℓ2 Ag −BgKg 
5

+ ℓ3 Ag −BgKg 
4

+ ℓ4 Ag −BgKg 
3

+ ℓ5 Ag −BgKg 
2

+ ℓ6 Ag −BgKg  + ℓ7.

(23)

Finally, according to Ackermann’s formula, the gains of
the SFIC can be expressed as

Kg � C2 Bg AgBg A2
gBg A3

gBg A4
gBg A5

gBg A6
gBg φ Ag ,

(24)

where C2 � 0 0 0 0 0 0 1 .

3.2. Design of the Two-Mode Vibration Cascade Shaper.
Because of the time-delay link, the conventional input
shaper will significantly affect the response speed of the
TFMS. +us, based on the input shaping method and the
optimal theory, the two-mode vibration cascade shaper of
the TFMS is designed for reducing the time-lag effect in-
troduced by the input shaper [34].

+e two-mode vibration cascade shaper is cascaded by
the first-mode vibration shaper and the second-mode vi-
bration shaper of the TFMS. Moreover, the first two modes
of vibration shapers for the TFMS are designed separately,
and the first mode is illustrated as an example. +e system
state variables in equation (14) are reselected as
xm � q1 _q1 

T, and the new state-space model can be
obtained as

_xm � Amxm + Bmum,

ym � Cmxm,
 (25)

where

Am �

0 1

−w2
1 −2ξm1w1

⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦,

Bm �

0

−m1

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦,

Cm � 1 0 ,

um � €Z(t),

ξm1 �
μs1

2ρAw1
.

(26)

According to Duhamel’s integral, the time-domain ex-
pression of equation (25) can be solved as

Xm(t) � Γ t, t0( Xm t0(  + 
t

0
Γ(t,t)Bmum(t )dt, (27)

where

Γ(t,t) �

Γ(1, 1) Γ(1, 2)

Γ(2, 1) Γ(1, 2)

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦,

Γ(1, 1) � exp −ξm1w1(t−t)( 
⎧⎨

⎩cos w1

������

1− ξ2m1



(t−t ) 

+
ξm1������

1− ξ2m1

 sin w1

������

1− ξ2m1



(t−t) 
⎫⎬

⎭,

Γ(1, 2) �
1

w1

������

1− ξ2m1

 exp −ξm1w1(t−t)( 

· sin w1

������

1− ξ2m1



(t−t) ,

Γ(1, 2) � −
w1������

1− ξ2m1

 exp −ξm1w1(t−t)( 

· sin w1

������

1− ξ2m1



(t−t) ,

Γ(2, 2) � exp −ξm1w1(t−t)( 
⎧⎨

⎩cos w1

������

1− ξ2m1



(t−t) 

−
ξm1������

1− ξ2m1

 sin w1

������

1− ξ2m1



(t−t) 
⎫⎬

⎭.

(28)

Combined with the requirement of the terminal posi-
tioning error, the quadratic objective function of the TFMS
is set as

Jm(t) �
1
2
XT

m(t)WmXm(t), (29)
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where Wm is the weighted matrix.
To the first-mode vibration of the flexible manipulator,

the number of pulses of the first-mode vibration shaper is set
as 2 and the amplitude and the time lag of the first pulse are
set as As

1 � 1 and ts1 � 0. +en, equation (29) can be further
expressed as

Jm(t) �
1
2
Γ(t, 0)Bm + Γ t, t

s
2( BmA

s
2 

TWmΓ(t, 0)Bm

+ Γ t, t
s
2( BmA

s
2.

(30)

Based on the optimal theory, in order to minimize the
objective function, two conditions, zJm(t)/zAs

2 � 0 and
zJm(t)/z(As

2)
2 � 0, need to be met at the same time. +en,

one can obtain

A
s
2 � −2 exp −ξmw1t

s
2( cos 2w1

�����

1− ξ2m


 t
s
2. (31)

According to the amplitude and time lag of the first pulse
in the first-mode vibration shaper, by combining with
equation (31) and normalization processing, one can obtain

Gshape(S) � A
s
1 + A

s
2 exp −t

s
2S( . (32)

+e amplitude of the corresponding pulse in equation
(31) can be expressed as

As
1 �

1

1− 2 cos w1

�����

1− ξ2m


ts2 exp −ξmw1t
s
2( 

,

As
2 � −

2 cos w1

�����

1− ξ2m


ts2 exp −ξmw1t
s
2( 

1− 2 cos w1

�����

1− ξ2m


ts2 exp −ξmw1t
s
2( 

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(33)

On the contrary, it is obvious that the zero points of
equation (32) cover the poles of the original system, which is
also the reason why the designed mode vibration shaper can
effectively alleviate the time-lag effect of the conventional
input shaper. +us, the time lag (ts2) in equation (32) can be
selected arbitrarily.

Similarly, the control parameters of the second-mode
vibration shaper for the flexible manipulator can be de-
termined. According to equation (33), the first-mode vi-
bration shaper and the second-mode vibration shaper are
designed as

GOP shape1 �
As

11 As
12

0 ts12
 , (34)

GOP_shape2 �
As
21 As

22

0 ts22
 , (35)

where As
11 and As

12 are the amplitudes of the corresponding
pulses for the first-mode vibration shaper, ts12 is the time lag
of the second pulse for the first-mode vibration shaper, As

21
and As

22 are the amplitudes of the corresponding pulses for
the second-mode vibration shaper, and ts22 is the time lag of
the second pulse for the second-mode vibration shaper.

Based on the cascade method, the two-mode vibration
cascade shaper of the TFMS can be deduced as

GTOP_shape �
As

11A
s
21 As

11A
s
22 As

12A
s
21 As

12A
s
22

0 ts22 ts12 ts12 + ts22
 , (36)

where TOP means the two-mode vibration cascade shaper.

3.3. Design of the Master-Slave Integrated Controller. If the
two-mode vibration cascade shaper is set in the closed loop
of the SFIC, the time-lag link will affect the stability of the
closed-loop system. +us, in the designed master-slave in-
tegrated controller, the two-mode vibration cascade shaper
is placed outside the closed loop of the SFIC, which is il-
lustrated in Figure 3.

+e design process of the master-slave integrated con-
troller for the TFMS is as follows:

Step 1: with the angular frequencies and damping ratios
of the first two modes of the flexible manipulator
combined, the system expected poles are set up. And
according to equation (24), the control gains of the
SFIC are obtained.
Step 2: among the configured system poles, two pairs of
poles that play a leading role in the transverse vibration
of the flexible manipulator are extracted.
Step 3: the angular frequencies and damping ratios of
the closed-loop system are calculated.
Step 4: the first-mode vibration shaper and the second-
mode vibration shaper of the TFMS are designed by
equation (33).
Step 5: the two-mode vibration cascade shaper of the
TFMS is determined by equation (36).
Step 6: the master-slave integrated controller of the
TFMS is constructed by the combination mode which
is shown in Figure 3.

4. Simulation Verification

In this section, the master-slave integrated controller is
verified by simulation experiment analysis. +e physical
parameters of the flexible manipulator are set as L� 400mm,
ρ� 2030 kg·m3, E� 25.24GPa, and A� 135mm2. +e sim-
ulation platform is constructed by MATLAB 2015b/
Simulink.

4.1. Control Effect Analysis of the Two-Mode Vibration Cas-
cade Shaper. Firstly, the movement for the base of the TFMS
is set as trapezoidal velocity movement and the specific
motion parameters are set as follows: a constant acceleration
motion of 1250mm/s2 during t� 0–0.2 s, a constant speed
motion of 250mm/s during t� 0.2–0.8 s, and a constant
deceleration motion of −1250mm/s2 during t� 0.8–1.0 s.
When the two-mode vibration cascade shaper is used alone,
the velocity curves, before and after shaping, of the base are
shown in Figure 4(a) and the displacement curves, before
and after shaping, of the base are shown in Figure 4(b).
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It is seen from Figure 4(b) that the output displacements,
before and after using the two-mode vibration cascade
shaper, of the base are consistent, which remain 200mm.
+en, the validity of the two-mode vibration cascade shaper
is verified. It is known from Figure 4(a) that the speed curve
of the base is transformed from a trapezoid curve to a ladder
trapezoid curve after the time-lag filtering of the two-mode
vibration cascade shaper.

Figure 5 shows the control effect of the two-mode vi-
bration cascade shaper on the first-order mode coordinate of
the flexible manipulator. From Figure 5(a), it is seen that the
first-order mode coordinate of the flexible manipulator is
suppressed effectively, which means that the two-mode
vibration cascade shaper can remarkably filter out the fre-
quency components, exciting the system vibration, in the
input signal. On the contrary, under different terminal loads,
the control results of the two-mode vibration cascade shaper
are shown in Figure 5(b). It is known that the robustness of
the two-mode vibration cascade shaper is poor and it cannot
adapt to the variable load conditions of the TFMS. +us, the
SFIC should be added to construct the master-slave in-
tegrated controller for the TFMS.

4.2. Control Effect Analysis of the SFIC with Different Input
Shapers Combined. According to the natural frequencies
and damping ratios for the first two modes of the TFMS, the
closed-loop poles of the augmented TFMS are configured.
With the system response speed considered, the natural
frequencies and damping ratios, which correspond to
the two pairs of the system dominant poles, are set as
10.00 rad/s, 0.30 and 25.00 rad/s, 0.20. +en, the closed-loop
poles of the augmented TFMS can be calculated as
−3.00 + 9.54i −3.00− 9.54i −5.0 + 24.49i −5.0− 24.49i −

50−51−52]. On the basis of equation (24), the gains of the
SFIC for the augmented TFMS are calculated as
2.34 1.01E3 1.60E6 0.31 13.38 −1.61E3 17.34 . +en,

according to equation (33), the control parameters of the
first two modes of vibration shapers for the TFMS can be
designed as

GOP_shape1 �
1.2529 −0.9014

0 0.1098
 ,

GOP_shape2 �
1.1840 −0.9561

0 0.0428
 .

(37)

Furthermore, the parameters of the two-mode vibration
cascade shaper of the TFMS can be calculated as

GTOP_shape �
1.4835 −1.1980 −1.0672 0.8618

0 0.0428 0.1098 0.1526
 . (38)

Similarly, for the TFMS, in accordance with [35, 36], the
two-mode ZV (TZV) shaper, two-mode ZVD (TZVD)
shaper, and two-mode EI (TEI) shaper, for which the al-
lowable residual oscillation amplitude is set at 3%, are
calculated as

GTZV_shape �
0.4773 0.2514 0.1777 0.0936

0 0.1283 0.3293 0.4576
 ,

GTZVD_shape �
0.23 0.24 0.06 0.17 0.18 0.05 0.03 0.03 0.009

0 0.13 0.26 0.33 0.46 0.59 0.66 0.79 0.92
 ,

GTEI_shape �
0.07 0.15 0.07 0.12 0.24 0.12 0.07 0.12 0.07

0 0.13 0.26 0.33 0.46 0.59 0.66 0.79 0.92
 .

(39)

+e target displacement of the base for the TFMS is set as
200mm, and the control target is to locate the base to the
designated position by suppressing the elastic vibration of
the flexible manipulator quickly. +e control effects of the
above shapers are shown in Figure 6. As is shown in
Figure 6(a), although the SFIC can control the base moving
to the specified position, the overshoot of the base dis-
placement can reach 40% when the requirement of fast
positioning is satisfied, which is not allowed in the actual
system. +e actual reason is that the requirements of system
rapidity and system overshoot are a pair of contradictory
quantities, and the rapid response of the system will in-
evitably lead to the increase of system overshoot. On the
contrary, when the SFIC is combined with the conventional

AC servomotor

Translational flexible
manipulator system

(TFMS)

A1

A2

A3

Optimal theory

Pulse amplitude
and delay

Two
modes

vibration
cascade
shaper

Speed observer

Tip
vibration

Base
displacement

Vibration observer

System
state

variable

Augmented system of
the TFMS

Pole-placement method
+

Ackerman’s formula

Feedback gain
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Figure 3: Elastic vibration integrated controller of the TFMS.
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Figure 5: Control effect of the two-mode vibration cascade shaper on the elastic vibration of the flexible manipulator: (a) comparison of
control effect before and after shaping; (b) control effect under different terminal loads.
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Figure 4: Positioning base velocity and displacement curves before and after the effect of the two-mode vibration cascade shaper: (a) velocity
curve; (b) displacement curve.
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input shaper such as the TZV shaper, the system overshoot is
effectively reduced, but the system response speed is re-
duced, which is caused by the time-lag effect of the con-
ventional input shaper. Fortunately, the respond speed of the
designed master-slave integrated controller is basically the
same as that of the SFIC, while the system overshoot per-
formance has been greatly improved. +at being said, the
system response speed and system rapidity can achieve
synchronous optimization by combining the SFIC with the
two-mode vibration cascade shaper.

Similarly, as is shown in Figure 6(b), compared with the
conventional input shapers, the vibration suppression effect
of the designed master-slave integrated controller is optimal.
Moreover, through combining the SFIC with the TZV
shaper, the TZVD shaper, the TEI shaper, and the designed
two-mode vibration cascade shaper, it is seen from Figure 6
that the respond speed and vibration suppression speed of
the designed master-slave integrated controller are the best,
which also proves that the two-mode vibration cascade

shaper can effectively improve the time-lag effect of the
conventional input shapers.

4.3. Control Effect of the Master-Slave Integrated Controller
under Variable Load Conditions. Figure 7 shows the control
effect of the master-slave integrated controller under dif-
ferent terminal loads. It is seen from Figure 7(a) that the
terminal load has no impact on the control effect of the
master-slave integrated controller on the base displacement.
Furthermore, as shown in Figure 7(b), under the action of
the same control parameters, the master-slave integrated
controller can effectively suppress the elastic vibration of the
TFMS with different terminal loads. With Figures 5(b) and
7(b) compared, it is obvious that the designed master-slave
integrated controller can efficaciously improve the robust-
ness of the two-mode vibration cascade shaper.

Above all, through combining the two-mode vibration
cascade shaper and the SFIC of the TFMS, the robustness of
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Figure 6: Control effect of the SFIC with different input shapers combined on the TFMS: (a) control effect of the base displacement;
(b) control effect of the elastic vibration.
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the two-mode vibration cascade shaper is improved and the
contradictions of system rapidity and system overshoot for
the SFIC can be effectively alleviated. +e designed master-
slave integrated controller can achieve the synchronous
optimization of the system rapidity and accuracy.

5. Conclusions

With the time-lag filtering effect of the input shaper and the
configuration capability of the state feedback for the closed-
loop system poles considered, the SFIC and the two-mode
vibration cascade shaper are combined to constitute the
master-slave integrated controller for the elastic vibration of
the TFMS for improving the robustness, the rapidity, and the
accuracy of the system under variable load conditions. +e
following results are drawn:

(i) Based on the input shaping method and the cascade
method, the designed two-mode vibration cascade
shaper can effectively suppress the excitation of the
motor output to the mode vibration of the flexible
manipulator, but it is less robust when used alone.

(ii) +rough comparing the control results of the
master-slave integrated controller and the con-
ventional input shapers with the SFIC, it is seen that
the response speed of the two-mode vibration
cascade shaper is better than that of the

conventional input shapers and the time-lag effect of
the conventional input shapers is effectively solved.
Furthermore, the system response time and over-
shoot of the SFIC can be well taken into account to
achieve a faster response speed without overshoot.

(iii) Under variable load conditions, the master-slave
integrated controller can effectively control the elastic
vibration of the TFMS and realize the complemen-
tary advantages and disadvantages of the SFIC and
the two-mode vibration cascade shaper in the elastic
vibration suppression of the TFMS.
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