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Abstract

The large-scale flexible hydraulic manipulator (FHM) is the key machinery
for automation in construction. It generally works in a precise position
and suffers from serious vibrations caused by external excitation. Thus, it
requires both active damping control and position control, which are typically
implemented by the single valve system (SVS) in the past. However, the
SVS only has one signal input which cannot address the two controllers
simultaneously. To solve the problem, a decoupling active damping controller
utilizing the independent metering system (IMS) is presented. To reduce the
influence between controls, the control degree of freedom is increased by
breaking the mechanical coupling of the inlet and outlet. The relative gain
array (RGA) method is then used to determine the best variable pair. Thus,
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the position and active damping controllers can be designed separately in
two control loops to achieve control decoupling. To achieve active damping
control, the dynamic pressure feedback (DPF) based on a high-pass filter is
introduced to optimize system damping. The proposed method is verified
on a concrete pump truck simulation model which is a typical large-scale
flexible hydraulic manipulator. Simulation results show that the proposed
method reduces interactions between different control loops and has a gentler
vibration of the end-effector compared to the conventional SVS.

Keywords: Hydraulic manipulator, vibration reduction, independent meter-
ing system, dynamic pressure feedback.

1 Introduction

The large-scale flexible hydraulic manipulator (FHM) has suffered from
elastic vibration problems due to the lightweight, low stiffness, and long
manipulators. Combined with the low damping of the hydraulic system, the
FHM is easy to generate elastic vibration. Meanwhile, it is always affected
by the external excitation in the working process, which makes the vibration
problem of the FHM particularly serious.

The current vibration reduction methods for hydraulic manipulators are
mainly divided into two categories [1]. The first category is passive vibration
reduction. Traditional methods use accumulators and resistive orifices to
reduce the vibration of the hydraulic system [2]. Passive vibration reduction
is generally effective, but it has bad adaptability to the operating conditions.
Another category is the active damping control method. This method achieves
vibration reduction through the signal feedback which can express the vibra-
tion. Although there are many works on active vibration reduction methods in
hydraulic manipulators, few practical application cases can be found. This is
because the sensors used in many complex algorithms often suffer problems
such as high installation costs and low reliability [3-5].

In the state of the art, hydraulic manipulators mainly use pressure as the
active damping control signal, since the pressure sensor has low installation
cost and high reliability. Min Cheng et al. carried out a study on the dynamic
pressure feedback (DPF) with dynamic impact [6]. Addison Alexander and
Andrea Vacca discussed different active damping control methods in con-
struction machinery [7]. To obtain the appropriate control parameters of the
pressure compensator, Pedersen and Andersen analyzed the DPF control by
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the root locus method [8]. The Bode graph method and the linear quadratic
regulator method were also used to obtain the control parameters [9, 10].

However, traditional DPF active damping methods are typically applied
to the single valve system (SVS) which has only one control input. As
for the FHM, the active damping control is required together with precise
position control to ensure the accuracy and efficiency of the operation. If two
control signals are input at the same time, the signals will directly interact
with each other. The coupling of controls makes it impossible to combine
high positioning accuracy and stability. To solve this problem, a decoupling
active damping controller utilizing the independent metering system (IMS)
is presented. A controller combining the position and DPF control based on
the SVS is first analyzed by using the root locus method, which explains the
design process and issues of the coupling control. To reduce the influence
between different controls, the mechanical coupling of the inlet and outlet
is broken to increase the control degree of freedom. The relative gain array
(RGA) method is used to determine the best variable pair of control loops.
Finally, according to the best variable pair selection, the position and DPF
controllers based on the IMS can be designed separately in different control
loops. Simulation results show that the proposed method reduces interac-
tions between different control loops and achieves better vibration reduction
compared to the conventional SVS.

In this paper, the studied system is introduced in Section 2. In Section 3,
the controller combining the position and DPF control based on the SVS is
established to illustrate the problem. The decoupling active damping con-
troller utilizing the IMS is presented in Section 4. Simulation results are
presented in Section 5 and conclusions are presented in Section 6.

2 Studied System

The study focuses on a 4-DOF concrete pump truck which is a typical FHM,
as shown in Figure 1. The concrete pump truck consists of a rotary motor,
three joint cylinders, a main boom, a middle boom, and an end boom. The
rotary motor controls the rotation of the concrete pump truck and the joint
cylinders control the movement of the booms. This paper only focuses on the
control of the end joint cylinder which can directly control the end-effector.
The method is also applicable to other joints. The SVS and IMS are shown
in Figure 2. Each hydraulic cylinder of the traditional SVS is controlled
by a proportional directional valve, while the IMS has two proportional
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Figure 2 System structure.

directional valves to control a cylinder. The IMS allows the system to have
two independent signal inputs.

3 Problem Statement

The DPF is widely used to reduce the vibration of hydraulic manipulators
utilizing SVS. The load pressure is applied as a control input after pass-
ing through a high-pass filter. The key to applying DPF on asymmetrical
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cylinders is the selection of two parameters: the high pass filter gain Ky
and the time constant 77. Previously, the selection of parameters was highly
dependent on engineering experience. Pedersen used the root locus method
to analyze the selection of DPF parameters for symmetrical cylinders without
position control [8]. However, in addition to achieving vibration reduction,
the FHM also needs to keep the end-effector at a precise position. It requires
adding position control to the system. The SVS has only one control input
which cannot address the position control signal and the DPF control signal
simultaneously. Meanwhile, there has been no previous research analyzing
the design process and issues of DPF control combined with position control
in SVS. To illustrate the problems caused by the interaction, the system
combining the position and DPF control is first designed and analyzed.

The system model for valve-controlled asymmetric cylinders is well-
known [11]. To simplify the analysis process, the hydraulic cylinder is
assumed to be leakproof. The expression for the load pressure is obtained
from the asymmetric cylinder characteristic as

B
pbL = VAeS (quv - qupL - KAU) (1)
The coefficients K, Ky, and K 4 are
a
K, =Kga+ XKqB (2)
1 a? 9
qp — ,UQ T a3 <)\qu3 + H quA) (3)
A+ a?
Ky = 3 Ag 4)

where v is the cylinder velocity, x, is the opening of the valve, s is the
Laplace operator, K 4 and K p are flow coefficients, K,,4 and Kg,p are
flow-pressure coefficients, 3. is the bulk modulus, a = Ap/A4 is the
cylinder area ratio, Ap and A 4 are the areas for two sides of the piston rod,
A = Vp/Vy is the volume ratio, Vg and V4 are the volumes of two chambers,
u = Kyp/Ky 4 is the ratio between valve opening gains, Ky g and Ky 4 are
valve opening gains.

After adding the DPF control and the position control, the system can be
represented in the block diagram form, as shown in Figure 3. The G (s) =
Kys/(1rs 4 1) is the high pass filter, and C';, = 0 is the combined leakage
coefficient. The transfer function of the system without the position control
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Figure 3 Transfer block of the SVS with the position control.
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Figure 4 Root locus when varying Ky (without position control).
can be obtained as
AaKy(ts+ 1)
g\"f
G1(s) (5)

- b383 + b282 + b18 + bo

where K, is the position sensor gain, M is the load mass, B is the viscous
damping, b3 = CTfM, by = (quTf+C+Kf)M+CBTf, by = KAAATf+
(M +71/B)Kgp+ K¢B + CB, by = KgpB + KaAy, C = Va/Be. It can
be found that the variation of the system poles is related to Ky and 7. The
guidance for selection is that the high pass filter frequency is supposed to be
set below the natural eigenfrequency of the original system [8].

Using the parameters listed in Table 1, a suitable 7; value of 0.012
is selected in advance and the root locus can be obtained, as shown in
Figure 4. The graph shows that the complex poles P» and P; are dominant.
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Table 1 Parameters of the SVS

Parameters Symbol Value Unit
Load mass M 250 kg
Bulk modulus Be 700 MPa
Cylinder area Ap/Aa 341 x1073/5 x 1073 m?
Volume Vi /Va 1.2x107%/1.8 x 107* m?
Valve opening gain Kyvp/Kva 167 x1073/1.67 x 1073 m/V
Flow coefficients Kyp/Kqa 1.4 x107*/2.1 x 107* m?/s
Flow-pressure coefficients  Kypp/Kgpa 9.8 x 10712/6.6 x 10712 m?®/(Pa-s)
Position sensor gain K, 430 Vim
Root Locus
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Figure 5 Root locus when varying Ky (with position control).

By choosing the points of the yellow triangle, with Ky = 1.12 x 1071, the
system can obtain a high damping ratio.

When the position control is added, the transfer function of the system
with the position control can be expressed as

KaAAKq(TfS + 1)8

Ga(s) = b3s + bys3 + b1s2 + dis + do

(6)

where K, is the proportional gain, d; = by + K, K,AsK,7s, dg = KK,
AaK,. Assuming K, = 30, the root locus is shown in Figure 5. Compared
to the previous system, a new pole Py is added. The pole P is close to the
imaginary axis and there is a zero at the origin of the coordinates. Therefore,
they can achieve pole-zero cancellation and the complex poles P, and Ps are
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still dominant. So the high damping ratio can be obtained in the same way as
above.

However, the position control input u, and DPF control input ug are
added directly to get the valve input w,, in the SVS, as shown in Equation (7).
When u,, and ug have opposite signs, the effects of the two controls will
cancel each other out. So the interaction of two control loops affects the
performance of active damping control.

Uy = Up + Ug (7)

4 Control Design

In the past, many studies on the IMS mainly focused on improving energy
efficiency [12-14]. However, they did not account for the effect of the
IMS on the vibration control. To solve the above-mentioned problem of the
control interaction, a decoupling active damping controller utilizing the IMS
is designed, as shown in Figure 6. The system breaks the mechanical coupling
of the inlet and outlet so that it can decouple the position controller and the
DPF controller. It allows the two controllers to operate separately.

Position
controller

Figure 6 The transfer block of the IMS.



Active Damping Control of the Large-scale Flexible Hydraulic Manipulators 171

4.1 IMS Modelling

The dynamic characteristics of the system depend on the hydraulic cylinder
and the proportional directional valve. Neglecting the valve dynamics, the
flows through the valve are described as

qa = Ky qu1 — Kjpapa (8)
qp = Kjgus — K, ,ppp )

where K (’1 pand K :1 g are flow coefficients of the IMS, p 4 and pp are pressures
of two chambers, K tlzp 4 and K (’]p 5 are flow-pressure coefficients of the IMS,
u1 and uy are control inputs of two valves. Using the continuity equation, the
pressure in the two chambers can be described as

dpa 1 dpp 1
—_— = — A — = —(Agv — 1
gt C (qa AV), 7 CB( BV — ¢B) (10)
Va Vi
Cp=—, Cp=— 11
4 Bea B /Beb ( )

where [, and (3., are the bulk modulus of the chambers. The force balance
of the hydraulic cylinder is given by
dv

M% =paAa —ppAp — FL (12)
where F7p, is the load force. The transfer block of the IMS is shown in
Figure 6. Since the FHM requires both the position control and the DPF
control, the system has two outputs for position and pressure. In multivariable
systems, different variable pairs have different decoupling effects. Assuming
that u; controls the position and uo controls the pressure, the transfer function
matrix of the system can be expressed as

bl =< 1)

x :l K(;AGAAA/S — ;BGAAB/S uy 13)

PB R K(IJAAAAB K(/IB(MGAS—FA%) U
Ga=Kyys+Cas (14)
Gp = K(/]pB + Cps (15)

R= MG ,Gps+ A4Gp + A%LG 4 (16)
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4.2 Analysis of the Interactions Between the Different Loops

To determine the best variable pair of the IMS, the RGA method is used
to analyze the interactions between the different control loops quantita-
tively [15]. The RGA of a transfer function matrix is defined as

RGA(G) = AG) 2 G x (GHT (17)
The elements of the RGA can be expressed as:
k». .
Aij & =2 (18)
ki
Oyi Ay A

kiy=1/[G Y (19)

. ij 4
OU; |y, =0 k25 O |y, o kot

where k;; represents the gain from input u; to output y; with other control
loops opening, and Eij denotes the gain from input u; to output y; with
other control loops wuy, closing. The relative gain \;; is used to express the
interactions between the different loops. If the relative gain \;; is close to 1, it
indicates minimal interaction between the loop from w; to y; and other loops.
Therefore, the degree of coupling between different loops can be obtained by
calculating the relative gain array. Based on the analysis above, the gain array
can be determined as

AE\KQPB + AQBK;pA KQAAAAB KQBAZA
The relative gain is calculated as
1
A1 = Agp = m 2D
" kirkaa

When u; controls the position and ug controls the pressure, the relative
gain Aq; is calculated to be 0.7075 by using the parameters listed in Table 2.

Table 2 Parameters of the IMS

Parameters Symbol Value Unit
Flow coefficients Klp/K,y» 20x107%/23x 107" m?/s
Flow-pressure coefficients K, p/Ki,a 6.9x107"2/6.1x 107" m®/(Pa-s)

The bulk modulus of the chambers Beb/Bea 700 MPa
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Since this value is close to 1, it indicates that the interaction between the
different control loops is minimal. On the contrary, if u; controls the pressure
and uy controls the position, the relative gain Aq; is 0.2925, indicating greater
interaction between the loops. So the best variable pair of the IMS is that u;
controls the position and uo controls the pressure.

4.3 Decoupling Active Damping Controller Utilizing the IMS

To ensure positioning accuracy at the end-effector, position control is carried
out at the meter-in valve, as shown in Figure 7. The control signal of the
meter-in valve depends on the difference between the reference angle and the
actual joint angle, as shown in Equations (22)—(23). Since requirements for
the position control in the working process are mainly positioning accuracy,
the PI controller is suitable for position control which the integral component
can strive to eliminate steady-state error.

w = K- 0(t) + K / o(t)dt (22)

e(t) = e(t)input - 9<t)actual (23)

where 6(t) is the joint angle error of the end boom, 6(t);npy: is the target
angle, 0(t) gctuar 18 the actual angle, ), is the proportional gain of the position
control, and K; is the integral gain of the position control. The meter-out
valve is used for DPF control. The high pass filter extracts the pressure

actual

—

i s+l E
xS
| P57

i, Uy o

input

@ L

Figure 7 Decoupling controller schematic of position and pressure.
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signal from the cylinder chamber and applies the signal to the meter-out
valve through a PD controller, as shown in Equations (24)—(25). The PD
control structure is a widely used control scheme in hydraulic manipulators.
When the proportional component reduces the current error, the derivative
component decreases the response time of the control as much as possible.
The two control loops of position and active damping ensure the accuracy
and stability of the hydraulic manipulator.

up = Klp - P(t) + K, d];it) 24)
_ Kys
P(t) = pa(t) 20 (25)

where KI’, is the proportional gain of the DPF control, and K, is the
differential gain of the DPF control.

5 Simulation
5.1 Simulation Model

To validate the proposed method, a simulation model of the concrete pump
truck is established in the AMESIM environment, as shown in Figure 8.
The green parts are mechanical modules and the blue parts are hydraulic

:"ﬂa;lgniéaTmGam: A~ ? |
midﬂle{mnm \
= myii boom end F{I;

|
| |
| |
| |
| |
| |
| ¢z |
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| = = |
| = 2 I
| e e l
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| L |
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| Independent metering system 3 Hydrau]ic module |

Figure 8 AMESim model of the concrete pump truck.
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Table 3 System parameters of the simulation model

Parameters Value Unit
Maximum pump displacement 30 cm?®/rev
Pump rotational speed 1440  rev/min
Setting pressure of the relief valve 25 MPa
Stroke of the cylinder 0.7 m
Piston diameter 0.08 m
Rod diameter 0.045 m
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g
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Figure 9 Y position of the end-effector utilizing the SVS.

modules. The hydraulic system includes the establishment of both SVS and
IMS structures. The main parameters are shown in Tables 1, 2, and 3. The
model parameters for the hydraulic and mechanical modules remain the same
in all of the following environments. Since the paper only focuses on the end
joint, the directional valves of the first two joints are not operated.

5.2 Case Study of the SVS

This case study is to demonstrate the vibration reduction effect of the con-
troller combining the position and DPF control based on the SVS. Firstly, the
boom is stabilized, and then the external force F© = 1000 N is applied to
the end-effector within a short time. After manual adjustment of the position
controller, the position control gain is selected as K, = 30 first and the
vibration control parameters are selected in Section 3. The results are shown
in Figure 9. To illustrate the influence of the control interaction, the position
control gain K, is increased to 60. The results can be found in Figures 10
and 11.

When the external force is applied, the DPF control utilizing the SVS
achieves vibration reduction. This is because the damping ratio of the system
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Figure 10 Valve signals of the SVS using different gains (position control gains: K, = 30
and K, = 60).
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Figure 11 Y position of the end-effector using different gains with SVS (position control
gains: K, = 30 and K, = 60).

is improved by the root locus method. However, the Y position of the end-
effector has a large overshoot when the boom is first subjected to an external
force.

When the position control gain is 30, the position control signal and the
DPF control signal are sometimes opposite signs. It will cause the effects of
the two controls to cancel each other out. In addition, if the position control
gain increases from 30 to 60, the DPF control signal is obviously changed
and the vibration of the end-effector increases significantly. The interaction
between the position control and the DPF control affects the vibration control
capability.

5.3 Case Study of the IMS

As with the SVS simulation, the external force /' = 1000 N is applied to
the end-effector in the IMS. Position controller parameters are the same as
SVS simulation and the results are shown in Figure 12. Similarly, to show the
interaction between the two control loops, position control gain is adjusted
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Figure 13  Valve signals of the IMS using different gains (position control gains: K, = 30
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Figure 14 Y position of the end-effector using different gains with IMS (position control
gains: K, = 30 and K, = 60).

from 30 to 60. The results of the valve input signal and the vibration can be
found in Figure 13, and Figure 14.

Compared to the SVS control method, the maximum vibration of the
proposed method is reduced by 20%. Meanwhile, with the increase of the
position control gain, the DPF control signal does not change significantly
and the vibration of the end-effector shows little variation. The proposed



178  Ruiheng Jia et al.

method reduces the interaction between two control loops. It also makes the
control parameters have a wider adjustment range than the traditional method.

6 Conclusion

This paper analyzes the coupling problem of the controller combining the
position and DPF control based on the SVS. Then a decoupling active
damping controller based on the IMS is designed to solve this problem.
The proposed method is designed by the RGA method which determines
the best variable pair of control loops. The simulation results indicated that,
compared to the SVS control method, the proposed method has a wider range
of control parameters and improves vibration reduction performance by 20%.
In the future, the controller parameters will be selected through optimization
algorithms to improve controller performance.
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