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A Modified ETM Shaper For Double Pendulum Crane Control With
Payload Hoisting
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Overhead cranes are widely utilized in various industries and for transporting goods. However, the vibrations
generated during operation can significantly impact the safety and efficiency of crane work. This issue becomes
more critical when dealing with large-sized loads that cannot be overlooked. In such cases, the crane exhibits a
double pendulum-like behaviour, and the load vibrations become multi-frequency. This paper proposes an
Active Disturbance Rejection Control (ADRC) controller to control the crane’s position combined with the
Equal Shaping Time and Magnitude (ETM) input shaping technique to suppress load swinging during lifting
operations. Simulations and experiments were performed to confirm the validity of the proposed method.
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1. Introduction

The use of cranes is prevalent in many industries, includ-
ing transportation, construction, and industry. One of the
problems of cranes during operation is the vibration of the
payload [1]. When the double pendulum effect occurs, the
problem becomes more complex. In this situation, both the
crane hook and the load vibrate in multi-frequency mode.
In addition, changing the winch rope length and payload
mass causes the vibration frequency to change, leading to
anti-vibration control becoming extremely challenging.

To overcome the payload vibration and guarantee pre-
cise position control, feedback control strategies for double
pendulum cranes have been proposed, such as tuned PID
control [2], nonlinear quasi PID [3], nonlinear control [4],
adaptive control [5, 6], optimal control [7, 8], sliding mode
control [9–12], intelligent control [13–15], etc. For feedback
controllers to take appropriate control actions, multiple
sensors are required to measure the trolley position and
the hook and payload oscillation angles. however, these
additional sensors come at an extra cost, and accurately

measuring the payload angles becomes challenging due to
variations in payload masses, sizes, and shapes. The effects
of the double-pendulum mechanism further compound
this difficulty.

Feed-forward control, which is contrary to feedback
control, has also been extensively employed for oscilla-
tion control in crane systems; for example, the two-mode
input shaping has proven to be highly effective when im-
plemented on double pendulum type cranes [16–18]. In
addition, other feed-forward techniques such as command
shaper [19–21], smoother [22–25] have been investigated.
However, the majority of these studies have focused solely
on scenarios involving constant vibration frequencies. In
practical applications, cranes often need to transport loads
while simultaneously lowering or lifting them to save time.
This movement of the crane leads to changing rope length,
resulting in variations in vibration frequencies. The vibra-
tion suppression control approaches for constant vibration
frequencies may not be appropriate in the case of a variant
vibration frequency. In Minh Duc et al. [26], a reference
response-based vibration control technique is proposed for
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a time-varying vibratory single pendulum crane system.
However, the selected reference response and known time-
varying vibration parameters are needed. In addition, the
control technique is only for single-mode vibration.

To address the multi-mode time-varying frequency vi-
bration issue that happens in double pendulum type cranes,
this paper proposes Equal Shaping-Time and Magnitude
(ETM) input shaping, in combination with Active Distur-
bance Rejection Control (ADRC) for control of the double
pendulum type crane. At first, the ADRC is applied to
control the trolley position precisely by using an Extended
State Observer (ESO) to observe the disturbance and then
reject it. After that, the ETM is designed to suppress the
payload vibration. The robustness of the ETM approach
allows for the suppression of the time-varying frequency
vibrations, and choosing the appropriate frequencies for
ETM designing is carefully evaluated. The effectiveness of
the proposed control algorithm was validated through the
implementation of simulations and experiments.

The remaining sections of the paper are organised as
follows. section 2 introduces the mathematical model of
the double pendulum crane. In section 3, the control sys-
tem design is shown. The simulation result is described
in section 4, and the experimental result is presented in
section 5. Conclusion and further studies are described in
section 6.

2. Double pendulum crane dynamical model

The model of the double pendulum crane is described in
Fig. 1. x is the position of trolley, m is the trolley mass, m1 is
the hook mass, m2 is the payload mass, l1 is the cable length
between trolley and hook, l2 is the cable length between
hook and payload, θ1 is the 1st sway angle, θ2 is the 2nd

sway angle, the trolley is driven by the Fx and the payload
is lifted by Fl . For simplicity, in this paper, the trolley, hook,
and payload are considered as point masses. The friction
force between the trolley and the rail is neglected. The
dynamic model of the double pendulum crane is described
by Lu et al. [5]:

(m + m1 + m2) ẍ + (m1 + m2) sin θ1 l̈1+

(m1 + m2) l1 · θ̈1 cos θ1 + m2l2 θ̈2 cos θ2

+2 (m1 + m2) θ̇1 l̇1 cos θ1 − (m1 + m2) l1 θ̇2
1 sin θ1

−m2l2 θ̇2
2 sin θ2 = Fx − Dt ẋ

(1)

(m1 + m2) sin θ1 ẍ + (m1 + m2) l̈1 + m2l2 sin (θ1 − θ2) θ̈2

− (m1 + m2) l1 θ̇2
1 − m2l2 cos (θ1 − θ2) θ̇2

2

− (m1 + m2) · g cos θ1 = Fl − Dl l̇1
(2)

(m1 + m2) l1 cos θ1 ẍ + (m1 + m2) l2
1 θ̈1

+m2l1l2 cos (θ1 − θ2) · θ̈2 + 2 (m1 + m2) l1 θ̇1 l̇1

+m2l1l2 sin (θ1 − θ2) θ̇2
2

+ (m1 + m2) · gl1 sin θ1 = −D1 θ̇1

(3)

m2l2 cos θ2 ẍ + m2l2 sin (θ1 − θ2) l̈1

+m2l1l2 cos (θ1 − θ2) · θ̈1 + m2l2
2 θ̈2

+2m2l2 cos (θ1 − θ2) θ̇1 l̇1

−m2l1l2 · sin (θ1 − θ2) θ̇2
1 + m2gl2 sin θ2 = −D2 θ̇2

(4)

where g represents the gravity constant; Dt, Dl are vis-
cous damping coefficients; D1, D2 are swing damping co-
efficients. The two linearised frequencies of the double
pendulum are [27, 28]:

Fig. 1. The double pendulum crane system
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The payload vibration of a double pendulum crane is
the combination of two singlefrequency vibrations. To ad-
dress this, this paper proposes the feedforward control
approach as in Fig. 2 where double-mode ETM input shap-
ing is considered for vibration suppression. Two ADRC
controllers are applied to control trolley position and pay-
load hoisting. The complete control scheme for the double
pendulum crane is a combination of two ADRC controllers
and double-mode input shaping.
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Fig. 2. Control system structure

3. Control system design

The overall proposed control structure can be depicted in
Fig. 2, featuring two separate closed-loop control systems
to regulate the position of the trolley and the cable length.
ETM input shaping is used to suppress the vibration of
the payload. As mentioned in the previous section, the
dual swaying motions of the double-pendulum crane man-
ifest as two distinct vibration frequencies. To effectively
suppress these oscillations, we employ a twostage shaping
strategy. Initially, a first shaper targets the suppression of
the first frequency, followed by a second shaper designed
to address the remaining vibration at the second frequency.
The final control input is then generated by convolving
these individual shapers.

3.1. ADRC concept

Active Disturbance Rejection Control, which was initially
proposed in Han [29], is a control method to handle dis-
turbances and uncertainties in a system. Because of its
simplicity and effectiveness, ADRC is widely considered to
replace PID controllers. First, Eqs. (1) and (2) are rewritten
to the form as:

ẍ(t) = fx + b0xFx = fx +
1

m + m1 + m2
Fx (8)

l̈(t) = fl + b0l Fl = fl +
1

m1 + m2
Fl (9)

where
fx = −

(
(m1 + m2) sin θ1 l̈1 + (m1 + m2) l1 · θ̈1 cos θ1 +

m2l2 θ̈2 cos θ2+2 (m1 + m2) θ̇1 l̇1 cos θ1−(m1 + m2) l1 θ̇2
1 sin θ1

−m2l2 θ̇2
2 sin θ2 + Dt ẋ

)
/ (m + m1 + m2)

fl = −
(
(m1 + m2) sin θ1 ẍ + m2l2 sin (θ1 − θ2) θ̈2 -

(m1 + m2) l1 θ̇2
1 − m2l2 cos (θ1 − θ2) θ̇2

2−(m1 + m2) ·
g cos θ1 +Dl l̇1

)
/ (m1 + m2)

In general, fx and fl contain nonlinearity and parameter
uncertainties and can be considered as a total disturbance.

The Eqs. (8) and (9) have the general form of a second-
order system as follows:

ÿ(t) = f (t) + b0u(t) (10)

where y(t) represents the output while u(t) is the con-
trol signal and f (t) is general disturbances. The control
constant is denoted as b0.

As a main point of ADRC, an Extended State Observer
(ESO) is constructed to estimate the value of f , thereby com-
pensating for the effect of f on the model. The extended
observer is designed in the form of:

˙̂x1(t) = x2(t) + c1 (y(t)− x̂1(t)) (11)

˙̂x2(t) = x3(t) + b0 · u(t) + c2 (y(t)− x̂1(t)) (12)

˙̂x3(t) = c3 (y(t)− x̂1(t)) (13)

where c1, c2, and c3 are parameters of the ESO that ensure
the estimation of y, ẏ, and f through the corresponding
x̂1, x̂2, and x̂3. In that case, the control law can be chosen
as:

u(t) =
KP(r(t)− ŷ(t))− KD ˙̂y(t)− f̂ (t)

b0
(14)

where r(t) is the setpoint, KP and KD are the parameters of
the controller.

As a main point of ADRC, an Extended State Observer
(ESO) is constructed to estimate the value of f , thereby com-
pensating for the effect of f on the model. Subsequently,
the differential equation of the system (Eq. (10)) will be
transformed into:

ÿ(t) ≈ KP(r(t)− ŷ(t))− KD ˙̂y(t) (15)

Applying the Laplace transform to the Eq. (15), we ob-
tain the transfer function for the closed-loop system as
follows:

GCL(s) =
Y(s)
R(s)

=
KP

s2 + KDs + KP
(16)

As proposed in Herbst [30] and Chien et al. [31], the
parameters of ADRC can be obtained as follows:

• Choose the desired 2% settling time Tsettle

• KP and KD are chosen to get a negative-real double
pole,

KP = sCL
2, KD = −2sCL (17)

with sCL ≈ − 5.85
Tsettle

is closed loop double pole.

• The observer poles must be placed left of the closed-
loop such that the observer dynamics must be fast
enough, for example:

sESO1,2,3 = sESO ≈ kESO.sCL = (3 . . . 10)sCL (18)

Then, the observer parameters can be calculated as:

c1 = −3sESO, c2 = 3sESO
2, c3 = −sESO

3 (19)
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3.2. ETM Input Shaper Concept

Input Shaping, initially proposed by Singer and Seering
[32], is a feed-forward technique utilized in control systems
to mitigate the effects of unwanted oscillations and vibra-
tions induced by input commands. Consider the second-
order transfer function of the vibratory system as:

X(s)
F(s)

=
ω2

n
s2 + 2ξωns + ω2

n
(20)

where ωn is the undamped natural frequency and ξ is
the damping ratio. If an input impulse with magnitude Ai

is applied to the system at time ti, then the output response
y(t) is determined:

y(t) =
n

∑
i=1

Aiωn√
1 − ξ2

e−ξωn(t−ti) sin (ωd (t − ti)) (21)

where ωd = ωn
√

1 − ξ2

The principle idea of input-shaping control is that an
input impulse applied to the vibratory system will cause
a residual vibration, then a second impulse with appro-
priate magnitude A2 can be applied to the system at an
appropriate moment t2 to suppress this vibration.

Another approach to explain and extend the input shap-
ing technique is an impulse vector [33]. The impulse vector
approach presents the impulse response of a vibratory sys-
tem using a vector. The response (21) of the vibratory sys-
tem can be presented as a vector in a 2D polar coordinate
system with a magnitude Ii and angle θi, with

Ii = Aieξωnti , θi = ωdti (22)

In a positive impulse (Ai > 0), the initial point of the
impulse vector is located at the origin of the polar coordi-
nate system. In contrast, the terminal point is located at
the origin in a negative impulse (Ai > 0). The impulse vec-
tor concept is used to design a new class of input shapers
called ETM shapers. In the ETM shaper, the angle between
two consecutive vectors is the same, and the magnitude of
impulse vectors, except for the first and the last vectors, is
the same. In other words, the ETMn shaper (ETM with n
impulse vectors) satisfies the following conditions:

θ1 = 0, θ2 =
2π

n − 1
, . . . , θn−1 =

(n − 2) · 2π

n − 1
, θn = 2π

(23)

I2 = I3 = . . . = In−1 = I1 + In, In = mI1(m > 0) (24)

The advantage of this ETMn method is that no matter
how many impulse vectors are present, these vectors all
fit inside a 2π circle time, equivalent to the ZVD method’s
shaping time. This paper uses the ETM4 shaper, which
includes four impulse vectors as in Fig. 3, is applied.

Fig. 3. Impulse vector of ETM4 shaper

The ETM4 shaper impulse instants t1, t2, t3, t4 are deter-
mined by the angles of the impulse vectors. The ETM4
shaper impulse magnitudes A1, A2, A3, A4 are calculated
by solving the following equations:

I1 = A1eξωnt1 , t1 = 0 (25)

I2 = A2eξωnt2 , t2 =
2π

3ωd
(26)

I3 = A3eξωnt3 , t3 =
4π

3ωd
(27)

I4 = A4eξωnt4 , t4 =
2π

ωd
(28)

I2 = I3 = I1 + I4, I4 = mI1(m > 0) (29)

A1 + A2 + A3 + A4 = 1 (30)

The ETM4 shaper is:[
ti
Ai

]
=

[
0 2π

3ωd

4π
3ωd

2π
ωd

I
1+m

I
K

2
3

I
K

4
3

mI
(1+m)K2

]
(31)

where

I =
(1 + m)K2

K2 + (1 + m)
(

K
2
3 + K

4
3 + m

) (32)

K = e
ξπ√
1−ξ2 (33)

To determine the optimal value of m, a performance
index J is defined as the integral along the sensitivity curve
with a sensitivity ratio in a considered range, for example,
0.2 to 1.8 .

J =
∫ rl

ru

V(r, m)dr, r =
ωn

ω̂n
, m =

In

I1
, rl = 0.2, ru = 0.8

(34)
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The optimal values motp for various ETMn shapers are
presented in Kang [33] where motp = 1 if damping ratio
ξ = 0.

3.3. Modified ETM Shaper in case of payload hoisting

During the payload hoisting process, the cable length l1
will be changed, which will cause time-varying vibration
frequencies. ETM4 Shaper is applied with the calculated
frequencies chosen using two averaging schemes to solve
the time-varying frequencies. The first scheme uses the av-
erage of all operated frequencies, yielding the Average Op-
erating Frequency-ETM4 (AOF-ETM4). The second scheme
uses the frequency corresponding to the average of all op-
erated cable lengths, called the Average Operating cable
Length-ETM4 (AOL-ETM4). The ETM shaper, in principle,
can only suppress the vibration with constant frequency.
However, the robustness of ETM can allow vibration sup-
pression with time-varying frequencies.

4. Simulation result

Simulation is conducted to verify the effectiveness of the
proposed control scheme. The system parameters for sim-
ulation are set according to the 2D experimental over-
head crane as: m = 5 kg, m1 = 2 kg, m2 = 0.5 kg, Dt =

25Ns/m, Dl = 55Ns/m, D1 = D2 = 0.1Ns/rad, l1 =

0.3 − 1.0m, l2 = 0.1m. The first simulation scenario is as
follows. The trolley is moved from 0 to 1 m by setting the
step reference input for the trolley control. At the same
time, the payload is lifted by shortening the rope length
from 1 m to 0.3 m .

The ADRC parameters for trolley position and cable
length controllers are chosen as:

• b0x = 1
m+m1+m2

; b0l =
1

m1+m2
,

• Tsettle = 3 s for both trolley position and cable length
controller,

• sESO = 100sCL for both trolley position and cable
length controller.

Three factors are considered in evaluating the effective-
ness of the proposed solution in vibration suppression: the
integral absolute error (IAE) value and maximum sway an-
gle of hook (MA1) and load (MA2). The integral absolute
error IAE is defined as follows:

IAE =
∫ ∞

0
(|e1(t)|+ |e2(t)|) dt (35)

where e1(t) and e1(t) are the hook and payload swing
angle error with the desired value of 0 degrees. A smaller
value of the considered factor indicates the input shaping
technique’s more effective vibration suppression capability.

We compare the performance of unshaped ADRC, ADRC
with AOF-ETM4, and ADRC with AOL-ETM4 while con-
trolling the trolley position and lifting the load simultane-
ously.

Since the exact values of the damping ratios are difficult
to determine in reality and small, the damping ratio for the
computed parameters of these shapers will be chosen as 0 .

For the AOF-ETM4 method, the parameters of two
shapers are respectively:[

ti
Ai

]
=

[
0 0.4916 0.9834 1.4751

0.1667 0.3333 0.3333 0.1667

]
[

ti
Ai

]
=

[
0 0.1759 0.3518 0.5277

0.1667 0.3333 0.3333 0.1667

]
For the AOL-ETM4 method, the parameters of two

shapers are respectively:[
ti
Ai

]
=

[
0 0.5507 1.1015 1.6523

0.1667 0.3333 0.3333 0.1667

]
[

ti
Ai

]
=

[
0 0.1780 0.3559 0.5338

0.1667 0.3333 0.3333 0.1667

]
From Fig. 4a, all the control schemes, including un-

shaped ADRC, ADRC with AOFETM4 and ADRC with
AOL-ETM4, effectively control the position of the trolley,
following the desired set point with a relatively small over-
shoot, less than 0.1%. Furthermore, it also shows that the
ADRC controller demonstrates effective disturbance cancel-
lation, especially in the case of large load fluctuation angles.
Incorporating proposed shapers slightly slow down the
position response of the trolley. The ADRC model with
AOL-ETM4 has a response time of approximately 4.2611
seconds, approximately the same as the AOF-ETM4 mod-
els, with processing times of 4.1319 seconds, respectively.

Regarding cable length in Figure 4b, the response times
of the models are relatively similar. Furthermore, the over-
shoot in all plots is relatively small, the highest being only
about 0.985%. Like position feedback control, all cable
length control models demonstrate effective disturbance
cancellation caused by load fluctuations.

In Figs. 4c and 4d, the unshaped ADRC controller has
the fastest response time, so the two shaking angles will
have the strongest fluctuations. The IAE, MA-hook and
MAload values are 168.7248 degree, 24.4704 degree and
22.7625 degree, respectively (Table 1). However, by in-
corporating ETM4 shapers, the ability to suppress vibra-
tions is significantly improved. Among the proposed ap-
proaches, AOL-ETM4 showed the most effective vibra-
tion suppression, reducing IAE, MA-hook and MA-load
by 85.62%, 80.05% and 82.26% compared to the unshaped
ADRC controller.
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(a) Trolley position (b) Cable length

(c) Hook sway angle (d) Payload sway angle

Fig. 4. First simulation scenario results

Table 1. Sway Angle first in simulation

Control scheme IAE MA1 MA2

Unshaped ADRC 168.7248 24.4704 22.7625
AOL-ETM4+ADRC 24.2672 4.1736 4.0365
AOF-ETM4+ADRC 27.8034 4.8807 4.7318

The second simulation scenario is also considered. In
this scenario, the simulation setup is changed, but the con-
troller parameters are kept as in the first scenario. The
trolley is moved from 0 to 0.4 m . At the same time, the
payload is lifted by shortening the rope length from 0.56
m to 0.16 m, l2 = 0.2 m, m1 = 0.5 kg, m2 = 0.5 kg. The
results in Fig. 5 also represent the good performance of
the proposed method in trolley position control and vibra-
tion control.The IAE, MA-hook and MA-load values are
respectively shown in Table 2).

Table 2. Sway Angle in second simulation

Control scheme IAE MA1 MA2

Unshaped ADRC 41.7670 9.6158 7.4136
AOL-ETM4+ADRC 7.0410 1.3164 1.2062
AOF-ETM4+ADRC 7.6536 1.5814 1.4353

5. Experimental result

In this section, to verify the performance of the proposed
method, experiments are conducted with a 2D experimen-
tal overhead crane, as shown in Fig. 6 with the system
parameters as m1 = 0.5 kg, m2 = 0.5 kg, l1 = 0.16 −
0.56 m, l2 = 0.2 m. The experiment scenario is as follows.

(a) Trolley position (b) Cable length

(c) Hook sway angle (d) Payload sway angle

Fig. 5. Second simulation scenario results

The trolley is moved from 0 to 0.4 m while the payload is
lifted by shortening the rope length from 0.56 m to 0.16 m
(the same as the second simulation scenario). The trolley
and payload hoisting are moved using motors and motor
drivers, allowing for precise speed control, where motor
velocity can be managed by adjusting the input voltage.
Therefore the transfer function for the trolley position con-
trol and cable length control in response to a control voltage
input can be respectively considered as Solihin et al. [34]:

Fig. 6. Experimental model
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Gx =
X(s)

Ux(s)
=

Km

s (Tms + 1)
(36)

Gl =
L(s)

Ul(s)
=

Kl
s (Tls + 1)

(37)

In practice, the amplification coefficients Km, Kl , and the
system time constants Tm, Tl are determined by the model
identification process, then, we have the transfer functions
between the trolley position and the control voltage, and
the cable length and the control voltage are obtained as
follows:

Gx =
X(s)

Ux(s)
=

6.1732
s(0.040898s + 1)

(38)

Gl =
L(s)

Ul(s)
=

4.7556
s(0.040651s + 1)

(39)

The parameters for the ADRC controllers in experiments
are chosen as:

• b0x = 6.1732
0.040898 = 150.94

b0l =
4.7556

0.040651 = 116.99

• Tsettle = 3s and sESO = 100sCL for both trolley posi-
tion and cable length controller.

For AOF-ETM4 method, the parameters of two shapers
are respectively:[

ti
Ai

]
=

[
0 0.3284 0.6568 0.9852

0.1667 0.3333 0.3333 0.1667

]
[

ti
Ai

]
=

[
0 0.1642 0.3285 0.4928

0.1667 0.3333 0.3333 0.1667

]
For AOL-ETM4 method, the parameters of two shapers

are respectively:[
ti
Ai

]
=

[
0 0.4659 0.69318 1.3977

0.1667 0.3333 0.3333 0.1667

]
[

ti
Ai

]
=

[
0 0.1819 0.3638 0.5458

0.1667 0.3333 0.3333 0.1667

]
From Fig. 7a, all the control schemes, including un-

shaped ADRC, ADRC with AOF-ETM4 and ADRC with
AOL-ETM4, effectively control the position of the bridge
vehicle, following the desired settling with relatively small
overshoot (maximum about 1.94% ). Incorporating the
ETM4 unit slightly slows down the position response of
the bridge vehicle. The ADRC model with AOL-ETM4 has
a response time of approximately 3.2250, which is the same
as the AOF-ETM4 model, with a processing time of 3.2900
seconds.

From Fig. 7b, it can be seen that all control schemes
demonstrated effective control in response to cable length,
with relatively similar performance. Although the transient
values in all cases are more than 1.2%, these values are still
within acceptable limits.

(a) Trolley position (b) Cable length

(c) Hook sway angle (d) Payload sway angle

Fig. 7. Experiment results

Figs. 7c and 7d demonstrate that incorporating the
ETM4 method significantly reduces hook and load-induced
oscillations during operation. The effectiveness of the AOL-
ETM4 and AOF-ETM4 methods is almost similar. The IAE,
MA of hook and load are reduced by 66.40%, 40.11% and
42.11% compared to unshaped ADRC, respectively (Ta-
ble 3). The proposed controller can reduce the vibration
significantly.

Table 3. Sway Angle in experiment

Control scheme IAE MA1 MA2

Unshaped ADRC 54.6998 7.2882 4.2750
AOL-ETM4+ADRC 18.3771 4.3650 2.4750
AOF-ETM4+ADRC 22.6149 4.5000 2.3850

6. Conclusion

In this study, we propose a method that combines the
ETM4 input shaper with an ADRC controller for the dou-
ble pendulum-type overhead crane system. The ADRC
controller can guarantee the precise position tracking of the
trolley even with disturbance. The ETM4 input shaper can
suppress the multi-mode time-varying frequency vibration
of the payload. Two choices of frequency for ETM4 are
considered, including the average wire length and average
frequency. Simulation and experimental results show that
the proposed method helps the system achieve the desired
position, significantly reduces residual fluctuations, and en-
sures the system’s stability during operation. Both average
wire length and average frequency selection are acceptable
for time-varying vibration suppression. In the future, an
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adaptive mechanism will be considered to reduce the load
vibration with time-variant frequencies further.
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