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Abstract: Segment assembling is one of the principle processes during tunnel construction using
shield tunneling machines. The segment erector is a robotic manipulator powered by a hydraulic
system to assemble prefabricated concrete segments onto the excavated tunnel surface. Nowadays,
automation of the segment erector has become one of the definite developing trends to further
improve the efficiency and safety during construction; thus, closed-loop motion control is an essential
technology. Within the segment erector, the lifting gantry is driven by dual cylinders to lift heavy
segments in the radial direction. Different from the dual-cylinder mechanism used in other machines
such as forklifts, the lifting gantry usually works at an inclined angle, leading to unbalanced loads
on the two sides. Although strong guide rails are applied to ensure synchronization, the gantry still
occasionally suffers from chattering, “pull-and-drag”, or even being stuck in practice. Therefore,
precise motion tracking control as well as high-level synchronization of the dual cylinders have
become essential for the lifting gantry. In this study, a complete dynamics model of the dual-cylinder
lifting gantry is constructed, considering the linear motion as well as the additional rotational
motion of the crossbeam, which reveals the essence of poor synchronization. Then, a two-level
synchronization control scheme is synthesized. The thrust allocation is designed to coordinate the
dual cylinders and keep the rotational angle of the crossbeam within a small range. The motion
tracking controller is designed based on the adaptive robust control theory to guarantee the linear
motion tracking precision. The theoretical performance is analyzed with corresponding proof. Finally,
comparative simulations are conducted and the results show that the proposed scheme achieves
high-precision motion tracking performance and simultaneous high-level synchronization of dual
cylinders under unbalanced loads.

Keywords: segment erector; hydraulic system; adaptive robust control; synchronization control

1. Introduction

A shield tunneling machine is widely used for excavating tunnels in soft ground [1].
During tunnel construction, there are two main processes that take place in turn, i.e., shield
tunneling and segment assembling. The former is the core process beyond all doubt,
while the latter is also extremely essential for the quality, efficiency, and safety of the
entire construction. General structures of a tunnel and a shield tunneling machine are
shown in Figure 1a. As the figure shows, the cutter head rotates to excavate the tunnel,
and then the prefabricated concrete segments are assembled onto the excavated surface
to form a permanent support for the tunnel. The robotic manipulator for the segment
assembling process is called the “segment erector”, and Figure 1b shows a real one working
in a practical shield tunneling machine. The segment erector needs to be very precise in
handling heavy segments, which can be up to several tons depending on the diameter
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of the tunnel. A typical structure of the segment erector is given Figure 1c. It offers
complete handling of the segment with six degrees-of-freedom (6 DOFs), including lifting
in the radial direction, sliding in the axial direction, and rotating around the central axis of
the shield tunnel machine, and 3 DOFs of rolling, pitching, and yawing in the clamping
head [2]. Although, nowadays, almost all of the segment erectors used in construction
are human-operated, automation has become one of the definite developing trends to
further improve the efficiency and safety in tunnel construction. Recently, much attention
has been paid to the automation of the entire shield tunneling machine [3-5] as well as
the segment assembling [6-8]. To the best of our knowledge, all segment erectors are
driven by hydraulic systems because of the large power-to-weight ratio [9-13]. In order
to achieve automation, closed-loop motion control of the segment erector is one of the
fundamental technologies.

Cutter head Segment erector Working at an inclined Typical structure of
angle a segment erector

@ ) ©
Figure 1. Background about the segment erector in a shield tunneling machine in practice. (a) General
structures of a tunnel and a shield tunneling machine. (b) A segment erector in practical engineering.
(c) The typical structure of a segment erector. This study focuses on the dual-cylinder lifting gantry in
the segment erector. The lifting gantry usually works at an inclined angle, which leads to unbalanced
loads on the two sides.

Within a typical segment erector, the lifting gantry, which is the focus in this study, is
driven by dual cylinders to generate the required large lifting force and ensure the stability
of the motion. Thus, high-level motion synchronization of the dual cylinders becomes
essential. However, as shown in Figure 1b,c, different from the dual-cylinder mechanism
used in other machines, such as forklifts [14,15], the lifting gantry usually works at an
inclined angle, which leads to unbalanced loads on the two sides. Since the segment is
very heavy and the crossbeam of the gantry is up to 3 m to 7 m long depending on the
diameter of the tunnel, the forces on the dual cylinders can vary widely, making motion
synchronization more challenging. Although strong guide rails are applied in the lifting
gantry to ensure synchronization, the gantry still occasionally suffers from chattering,
“pull-and-drag”, or even being stuck in practice due to poor synchronization under largely
unbalanced loads. Therefore, a motion synchronization control scheme for the lifting
gantry under unbalanced loads is the basis of high-precision closed-loop control of the
segment erector.

In fact, there have been a large number of studies concerning the synchronization con-
trol of dual actuators, such as the linear motor gantry [16,17], dual motors in vehicles [18],
and redundant hydraulic cylinders in airplanes [19]. Since the dynamics of hydraulic sys-
tems are highly nonlinear, with inherent nonlinearities and uncertainties [20,21], high-level
synchronization control of hydraulic cylinders is more challenging compared with other
actuators [22,23]. As for the control schemes, early ones have applied the same control
signals for the dual cylinders. Apparently, if the gantry is vertical or horizontal, with
balanced loads for dual sides, such a scheme is able to achieve reasonable precision with
some mechanical couplings to guarantee motion synchronization. However, if the loads
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become largely unbalanced, the synchronization performance can only depend on the me-
chanical couplings arbitrarily, without any efforts made by the controller. Essentially, such
an intuitive scheme shares no information between the dual cylinders, e.g., the motion dis-
crepancies, which possibly leads to poor synchronization in practice [16]. Another common
scheme is cross-coupled control [24], which is based on the idea of contouring control for a
multi-axis system. In this scheme, a synchronization compensator is constructed according
to the kinetics information between the two cylinders, such as the relative position and
velocity, leading to better synchronization performance under different drive characteristics
and loading conditions of the individual cylinders [25]. However, this scheme still tries to
solve the motion synchronization problem from the kinetics level, and ignores the influence
of the mechanical coupling, which will possibly lead to additional internal forces and
performance degradation [16].

Essentially, the existence of poor synchronization in the presence of the strong me-
chanical coupling between the dual cylinders in the lifting gantry implies that there is a
component that is not rigid enough. In other words, in addition to the principle linear
motion, the gantry must allow a rotational motion to some extent, which explains the
essence of poor synchronization as the rotation of the crossbeam. For example, both [16]
and [26] have performed the modeling of a linear dual-drive gantry with consideration
of the rotational motion and synthesized model-based controllers to deal with the addi-
tional degree-of-freedom. Thus, in order to achieve high-precision control of the lifting
gantry under unbalanced loads, a complete model including both linear and rotational
motions should be constructed. In addition, the large mass and rotational inertia of the
segment as well as the mechanical coupling with high stiffness should be considered in
building the dynamics model. However, to the best of our knowledge, there have been few
studies proposing such a complete model of the dual-cylinder lifting gantry working at an
inclined angle.

Poor synchronization of the dual cylinders will cause the crossbeam to rotate and
then result in excessive internal forces produced by the mechanical coupling. Moreover,
consequent chattering and “pull-and-drag” phenomena are adverse to the stability and
precision of the entire segment erector. Therefore, in this study, a model-based synchroniza-
tion control scheme is proposed, for high-precision motion tracking performance of the
dual-cylinder lifting gantry of the segment erector under unbalanced loads. To guarantee
the tracking performance in the presence of various nonlinearities and uncertainties of
the system, adaptive robust control (ARC) with a rigorous mathematical theory frame-
work is applied as the basic control theory in designing the proposed controller. The
ARC was proposed by Yao [27] and its high performance has been verified in various
practical applications during the past two decades [28-31]. In particular, the ARC showed
its effectiveness in dealing with the nonlinear control problems of hydraulic systems, in
both the authors” previous works [32,33] and other related studies [34,35]. In addition
to the linear motion tracking, a practical thrust allocation scheme is proposed as part of
the overall controller. The thrust allocation is designed to coordinate the dual cylinders
such that the internal forces and motion discrepancies can be regulated within a small
range. The rigorous theoretical design processes are given in detail, with the theoretical
performance and the corresponding proof. Comparative simulations have been conducted,
showing that the proposed controller is able to achieve high-precision motion tracking
performance as well as a high level of motion synchronization.

The rest of the paper is organized as follows: the problems are formulated in Section 2,
including the synchronization problems in practice, modeling of the lifting gantry, and
synchronization control objectives; in Section 3, the synchronization control scheme is
developed, including rigorous control design processes and theoretical proof; the com-
parative simulations are demonstrated in Section 4; and the conclusions are presented in
Section 5.
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2. Problem Formulation
2.1. Synchronization Problem and System Configuration

The simplified structure of a typical segment erector at an inclined angle is shown in
Figure 2. The segment lifting gantry, which is the focus of this study, generally contains
dual cylinders, dual guide rails, and a crossbeam connected with the segment to be erected.
As mentioned before, different from the dual-cylinder lifting systems studied in other
existing works [14], the one in the segment erector usually works at an inclined angle. Thus,
the lifting forces of two sides might vary largely in practice. Since the cylinders should only
be articulated without bearing lateral forces [36], in order to ensure synchronized motion of
the lifting gantry, a rigid connection between the crossbeam and the guide rails is necessary.
In almost all engineering applications at present, the dual cylinders in the lifting gantry are
controlled by a single human-operated proportional valve. Under such circumstances, the
synchronization can only be guaranteed by the strong mechanical coupling provided by
the rigid connection. However, adverse phenomena caused by poor synchronization, such
as chattering or even being stuck, can still happen, even though the operated lifting speed
is usually set very low in practice.

Dual guide rails
Segment

Dual cylinders

Figure 2. Simplified structure of a typical segment erector at an inclined angle.

In fact, if the connection between the crossbeam and the guide rails can be perfectly
rigid, there will be no synchronization problems in the lifting gantry. It is known that
there should be some relatively elastic parts that allow motion discrepancies between
dual cylinders. Such poor synchronization of the dual cylinders will result in rotation of
the crossbeam at a very small angle. As shown in Figure 2, the guide rails are thick and
relatively long; thus, they will not allow such rotation; moreover, the crossbeam itself is
very strong and cannot be bent by typical working forces. Therefore, the elasticity may
come from the connections between the crossbeam and the guide rails.

In order to analyze the complete behaviors of the lifting gantry, the schematic diagram
is given in Figure 3. Figure 3a shows the general configuration of the lifting gantry, which
follows the working principles of the actual gantry shown in Figure 2. OXpYj is the
world coordinate frame, with its Yjp-axis vertically downwards and Xy-axis horizontal;
OXY is the coordinate frame attached to the lifting gantry, where its Y-axis is along the
movement direction of the dual cylinders; and the angle ® between the Xy-axis and X-axis
shows that the whole lifting gantry usually works at an inclined angle. To illustrate the
existing degree-of-freedom of crossbeam rotation, the relatively elastic part, which is the
connection between the crossbeam and the guide rails, can be modeled as rotary springs
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with very large stiffness. With such a configuration, the complete planar motions of the
entire moving body consist of the linear motion along the Y-axis, and an additional rotation
of the crossbeam with a very small angle «, which is illustrated in Figure 3b. Thus, the
lifting gantry can be illustrated by a 2-DOF model. Other details and assumptions will be
given in the next subsection.

Guide rails

&iz( ylinders
\

X

Guide rails

Base H \\mu!x

Xo

Crossbeam

Yo Yo
(a) (b)

Figure 3. Schematic diagram of the dual-cylinder lifting gantry at a certain rotational angle of ©.
(a) General configuration of the lifting gantry. (b) Linear and rotational motions of the lifting gantry.

The practical synchronization problem of the lifting gantry in the segment erector
confirms the existence of crossbeam rotation. Thus, the proposed schematic diagram can
be used to study the gantry since it includes the linear and rotational motions completely.
However, achieving high-precision control of such a lifting gantry remains a challenging
task, especially when it usually works at an inclined angle. Therefore, at the hardware
level, the dual cylinders should be controlled by independent proportional valves in the
hydraulic circuit, which will offer two independent control inputs to handle the 2-DOF
model. On this basis, detailed modeling and model-based motion control design of the
lifting gantry are the main contributions of this study.

2.2. Modeling of the Lifting Gantry

Figure 3b can be used to illustrate the modeling of the lifting gantry. The positions
of the dual sides are defined as y; and y», separately; and the output cylinder rod forces
are defined as F,; and F.,, with the positive directions along the Y-axis. Point C denotes
the midpoint of the crossbeam, and its position is written as 1., which is also along the
Y-axis. Point G is used to illustrate the centroid of the entire crossbeam, which should
include the mass of the crossbeam itself and also the segment being lifted. Thus, point
G should have a distance from point C, which is expressed as h. The angle « is used to
describe the rotational motion of the crossbeam, which is defined as the angle between
the actual crossbeam and the X-axis. In addition to the above definition, the following
practical assumptions can be made.

Assumption 1. The crossbeam with the attached segment is a perfectly rigid body. Thus, the line
between the centroid G and the midpoint C is perpendicular to the crossbeam. Since the crossbeam
and segment are very heavy, the mass of other parts such as the guide rails and the cylinders can
be neglected.

Assumption 2. The elasticity only comes from the connections between the crossbeam and the
guide rails, even though the stiffness of the connection is very large, resulting in a very small
rotational angle «, which is the truth in practice.

Assumption 3. Due to the symmetrical structure of the lifting gantry, the midpoint C is always
on the Y-axis.
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Based on the aforementioned definitions and assumptions, the complete planar mo-
tions of the entire moving body in the frame OXY consist of the linear motion along the
Y-axis and an additional rotation around the midpoint C of the crossbeam. Thus, the
generalized coordinates 4 = [yc,a]T can be used to describe the 2-DOF motions. Since
it is inconvenient to measure y, and « directly in practice, the following geometrical
relationships can be used to calculate them by the measurement of y; and v

1
Ye =51 +y2)
) )
a~sing = l—(yl —12)
c
with I, being the length of the crossbeam. Moreover, according to the geometrical relation-
ships in Figure 3b, the coordinates of the centroid G [xg, yg]” can be written as

X = hsina, yg = yc +hcosua )
then, the velocity of the centroid G can be calculated as
vg = [%c,vc]|" = [hcosai, . — hsinai]” 3)

Thus, the kinetics energy including both the linear motion and the rotational motion
can be expressed as

1 T 1. .-
E, = 5MGUGUG + iIG“
— 11’}’1 .2 1 h2~2 1 22 hsi .
=3 cYe + sz &+ 2]sz mghsinay i

4)

with mg being the mass of the moving body including the crossbeam and the segment, and
J being the rotational inertia of the whole moving body around the centroid G. Moreover,
the potential energy, including the gravitational energy E,g and elastic energy E,g, can be
calculated as

Ep = Epc + EpE

1. 5 )
= —mgg[yccos® + hcos(® + a)| + Ekelx

where the gravitational energy takes the Xy-axis as the reference, and k. is the effective
elastic stiffness of the connections between the crossbeam and guide rails. The model of
the elastic energy E, g = Tk.a? is able to reflect the relationship between the internal forces
and the rotational angle.

Defining E = E; — E, as the Lagrangian function, using the Lagrangian Equation
% (%E) — g—; = F;,i = 1,2, the following equations can be generated:

9g;

mcyc—mcgcos®—mchsinvc-bk—mchcosvc-écz:F1 ©)
(Jg +mgh?)i + ke — mghsina - o — mghcosa - & - o + mgghsin(®@ +a) = F

where F; and F, are the corresponding generalized forces and can be further written as

Fl = Fcl +F52 _Frl —F»
! 7)
<

B = (Fcl —Fy—Fq +F72)2
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with F.q and F.; being the output cylinder rod forces, which will be further discussed later,
and F,; and F;; being the combined viscous and Coulomb friction forces of the two sides,
which can be further expressed as

F1 = Biyj1 + A1S(11)

. . 8)
Fy» = Boyo + A2S(12)

in which B; and A; are the coefficients of viscous and Coulomb friction, and S(e) is a
continuous function used to approximate the sign function sgn(e).

F.1 and F; are generated by hydraulic cylinders, and each cylinder is controlled by
a proportional valve. Taking the cylinder C1 as an example, the output rod force can be
modeled as

Fa=pa1Aa — p1ip )

with A 41 and Ap; being the piston areas of the head-end and rod-end chambers, respec-
tively, and p 41 and pp; being the pressure of each chamber, whose dynamics can be further
expressed as

) A . 1
par = — Lot + —BeQar +dar
Va1 Va1 (10)

. Ap1, . 1
= — _—— d
PB1 Va1 Bey1 Var BeQp1 + dp1

where Va1 = Va19 + Aa1y1 and Vpy = V19 — Ap1y; are the entire hydraulic compressible

volumes corresponding to the head-end and rod-end chambers at the position 11, V419 and

VB1o are the initial volumes, B, represents the effective bulk modulus, Q 41 is the flow into

the head-end chamber and Qp; is the flow out of the rod-end chamber, and d 41 and dp;

indicate the unavoidable modeling errors. Thus, the dynamics of F.; can be calculated as
Fq = paAar — peiAp

2 2
A4 A

. A A (11)
=—( + BB 4 Be(S2L Qa1 + B Qp1) + Aurdar — Apidp
Var  Vm Va1 Vg1

Considering the properties of the commonly used proportional directional valve, Q41
and Qp; can be further written as

ps —par, w1 =0
=k a1 A , A =
Qa1 = kgaru1\/ |Apar|, Apa { 4y <0

pPA1, (12)
PB1, u; >0
Qp1 = kgpiu1\/|Appi1l, Appr =
i ps—pp1, U1 <0

where k; 41 and k;p; are the flow gains of the valve, 1 is the control signal of the propor-
tional valve, and ps and p, are the pressures of the pump and the tank. The dynamics
between the control signal #; and the valve spool position are neglected because the band-
width is high enough, as noted in many other existing works [30]. Noting (11) and (12), we
can define an intermediate flow rate quantity Q. as

AA1 AB] AAl ABl
= Qa5 —Qs1 = (37 kgary/ [Bparl + 3—~kqgp1\/[Appi|)u 13
Q1 Vo Qa1 Vel Qp1 (VAl qum Vi ,,31M) . (13)



Machines 2021, 9, 152

8 of 24

which is a static projection of the control input u;. Similarly, the other cylinder C2 can also
be modeled as

Fo = parAa — pprAp

A2 A2 .
= —(W’i + W]f)ﬁeyz + BeQc2 + Aaxdaz — Apadpa (14)

Aan Ap
= (—==k A —=k A
Qe (VA2 ga2\/ |Bpaz| + 7 gB21/ |ApB2|)u2

where u; is the control input of the proportional valve and other symbols have similar
meanings to the ones in Equations (9)—(13).

To integrate the above modeling procedures, the dynamics of the lifting gantry can be
reorganized as follows, considering the modeling errors:

mgijc = Faq + Fp — Fg — Fyp + mgg cos © + mgh(sina - i + cosa - &%) + dyc

l
(]G + mGhz)b'c = (Pcl —Fo—Fq+ Frz)i — ke + mGh(sinoc Yo +cosa- i - yc)

2
— mgghsin(© + a) + dy 15
. A2 A2 (15)
Foq = — (A + ZBL)B + BeQc1 + Aardar — Apidp
Var  Vm
. AZ A2
Fp=—(522 + ZB2)Bn + BeQco + Apod ar — Apadpn
Va2 Vp

where F,1 and F, have been given in Equation (8), dyc, du, d 41, dp1, d a2, and dpy represent
the modeling errors of the corresponding dynamics equations, and Q.1 and Q. can be
treated as the available control inputs since they are directly related to the real control
inputs 11 and u,.

2.3. Synchronization Control Objectives

To achieve high-precision motion tracking performance of the dual-cylinder lifting
gantry, while keeping the internal forces and rotational angle within a small range, a model-
based motion synchronization control scheme is proposed in this study. The controller
should synthesize the valve control signals 11 and u; such that the following objectives
can be fulfilled:

e High motion tracking precision: The midpoint position y, tracks the reference trajectory
y4(t) as precisely as possible, which is assumed to be known, bounded, and at least
third-order differentiable;

e Rotation regulation: The dual cylinders should be properly coordinated so that the
rotational angle of the crossbeam can be guaranteed within a very small range.

3. Synchronization Control Schemes

The structure of the proposed controller is shown in Figure 4. In terms of input signals,
the controller receives the reference trajectory signals y,(t), the rotational angle ® of the
entire lifting gantry, and the state feedback signals from both the hydraulic system and the
gantry. Based on such signals and the system model, the controller synthesizes the control
signals 11 and up. The controller contains two parts, i.e., a motion tracking controller and
thrust allocation. The thrust allocation part is designed to coordinate the dual cylinders;
it receives the angle ©® and the desired total force Fc; from the motion tracking controller
and synthesizes the individual desired forces F.1; and F,,; for the dual cylinders. The
motion tracking controller is the core of the entire controller, and it is developed based on
the adaptive robust control theory proposed by Yao [20] to guarantee the desired tracking
precision in the presence of parametric uncertainties and modeling errors. The details of the
thrust allocation and motion tracking controller are provided in the following subsections.
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Ya(t)
Proportional electro- Pa1,Pp1,Pa2, PB2

hydraulic system

Motion tracking
controller

Fcldr Fch'

Dual-cylinder lifting = Y1, Y2, V1, Y2

Thrust allocation
gantry

. Synchronization Controller

Figure 4. Synchronization controller structure.

3.1. Thrust Allocation

In order to avoid large internal forces and keep the rotational angle « within a small
range, a practical thrust allocation scheme is developed in this study. Within the rotational
dynamics in (22), i.e., the second equation in (22), k.« can be treated as a proportional feed-
back term with a very large gain k.. If we can keep (F;; — F.o — F;1 + F2) % —mgghsin(© +«)
within a relatively small range, the angle « can also be regulated to be small in steady state,
thanks to the existence of k.. Therefore, both the rotational angle and the internal forces
due to the mechanical coupling will be regulated to a level around zero.

Following the above idea, the practical thrust allocation scheme can be designed as
follows. Define F-;, which will be detailed in the next subsection, as the desired force
for Fc to guarantee the tracking precision of the linear motion, i.e., y. tracks y, precisely.
For the dual cylinders, the desired forces F.1; and F.,; of F,; and F, should satisfy the
following condition:

Fag+ Foq = Fea (16)

such that the linear motion tracking precision can be guaranteed. At the same time, in
order to regulate the rotational angle, F.1; and F,; should also satisfy

(Fcld —Fpy—F1+ Frz)%c — mcgh Sil’l(@ + IX) ~0 (17)

The pre-estimated friction forces can be used to precisely calculate F,;; and Fq,.

However, for simplicity, considering the fact that F,; and F,, are much smaller compared

with F.1; and Fy  in practice, and noting Assumption 3, the following approximation can be

used, because the large feedback gain k, is also able to regulate the angle « within a small
range in the presence of some approximation errors:

l .
(Fcld - Fch)EC - mGpregh Sln(®) ~0 (18)

with mg e being the pre-estimated mass of the entire moving body. Therefore, according to
the relationships in (16) and (18), the desired forces for the dual cylinder can be allocated as

1 1 .
Fog = 5Fca + 7mGpreghsin(©)
2 lc
1 1 (19)

Fog = EFCd - fmGpregh sin(@)
c

The thrust allocation scheme above is practical for engineering applications. It is
essentially an open-loop control of the rotational motion, and thus avoids the need for
measurement signals of «, which usually contains noise in practice. Based on the analysis,
the thrust allocation scheme is able to regulate the rotational motion thanks to the inherent
large stiffness of the connection itself. The relationship in (19) will be applied in the
following subsection to finally synthesize the control signals u; and u5.
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3.2. Motion Tracking Controller
3.2.1. Parameterized System Dynamics for Control Design

Some simplifications have to be made in order to design the synchronization controller.
In (15), the coupling term mgh(sina - & + cosa - &) is inconvenient to be compensated
directly in control law because it consists of the second derivative of a. In addition, the
angle & is very small and may suffer from measurement noise in practice, so the achievable
precision of the direct model compensation might not be satisfactory. Therefore, in this
study, the influence of this coupling term will be lumped as an integrated term, which
will be updated online and compensated as a whole through a well-designed adaptive
control law.

On the basis of the model constructed in (15), the dynamics of linear motion along the
Y-axis can be modified as

1 B, Ar
e = gcos® + —Fc — —yc (yc) + D1, + AD; (20)

where Fc = F.q + Fo, By = By + By, Ay = A1+ Ay, ¥, instead of 31 and 1, is used
to approximate the frictions for simplicity since y. ~ y; ~ y» under the small angle «
assumption, and Dy = Dy, + AD; represents the lumped disturbance term including the
modeling errors, coupling terms, and the aforementioned friction approximation errors,
with Dy, being its nominal value. Then, following a similar procedure, the dynamics of the
cylinder rod forces in (15) can be modified as

. A? A2
Fa = _(Tm Tm)ﬁeyl + BeQc1 + Aardarn — Ap1dpin + Ada
A1 B1 21)
. A3 A2 (
Fo=— (42 + B840 + BeQca + Anadazn — Apadpon + Adea
Var = Vao

where d A1y, 1y, 4 A2y, and dpy, are the nominal values of the modeling error terms in (15),
and Ad.; and Ad. represent the remaining lumped modeling errors.

As discussed in the last subsection, the thrust allocation will only use the static solution
of the dynamics of the rotational motion; thus, the dynamics of the rotational motion do
not need to be parameterized. According to (20) and (21), the parameterized model to be
used in adaptive robust tracking control design can be derived as follows:

e = §cos®© + 01 Fc — 02y — 035(yc) + 64 + ADy

. AL, AL
Fq = A —A A
a=—(5" Vi +5 - Vi1 BL)6551 + 65Qc1 + Aa10s — Ap167 + Adey 22)
. AL, A%,
Fo = — (522 + T522)0592 + 05Qca + Axzbs — Aoy + Adep
Va2 Ve
where the parameters are defined as § = [6y,6,,..,600]", 0; = 1/mg, 6 = B,/mg,

03 = Ar/mg, 04 = D1y, 05 = Be, 06 = darn, 07 = dp1u, 0s = d a2, 09 = dpy. For the
sake of simplicity, the following nomenclature is used throughout this paper: & denotes
the estimates of e with & being the estimation error, i.e., 8 = é — o; ®,;,;, and e, are the
minimum and maximum values of e(t) for all time ¢, respectively.

In (22), the unknown parameter 6 and lumped modeling errors AD1, Ad.1, and Ad all
suffer from uncertainties in practice. However, the fact is that the parametric uncertainties
and modeling errors are bounded with known bounds, which leads to the following
practical assumption:
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Assumption 4. The extent of the parametric uncertainties and the modeling errors is known, i.e.,

A

0; € Qg = {0; : Oimin < 0; < Oimax}

AD; € Qp, £ {AD; : |AD;| < 6;} (23)
A

Adei € Qq, = {Ad; : |Ad| < 6ci}

T
where 0; min = [01 mins O2mins -~ 09omin) + Oimax = [01maxs O2max, " - *» Bomax]) | are the known
bounds, and 6; and J,; are known functions.

3.2.2. Adaptive Robust Motion Tracking Control Design

The Adaptive Robust Control (ARC) proposed by Yao [20] is used to synthesize
the motion tracking controller. The parameters will be updated online by the use of the
following discontinuous projection-type adaption law:

0= Proj;(I'T) (24)

with I' being a positively defined diagonal adaption rate matrix, T being an adaption
function to be synthesized during the control design procedure, and the projection mapping
function being

0, Zf é,‘ = 0;max and ¢; > 0
Projy (i) = 0, if 6; = Oimin and &; <0 (25)
o, otherwise

Therefore, the following properties can be guaranteed for any adaption function T
when (25) is used:

A A A
(Pl) : 0eQy= {01' $0imin < 1max} (26)

0 <
(P2):  O0T(I'Projy(I't) — 1) <0,

Then, a backstepping design for the adaptive robust motion tracking controller will be
synthesized. The objective of the controller is to synthesize the valve control signals #; and
uy such that the midpoint of the crossbeam y. tracks the given reference trajectory y,(t) as
precisely as possible.

Step 1

Define the motion tracking error as z; = y. — y;. Then, the following switching-
function-like quantity can be defined

. . . . A .
2y = 21 + k121 = XL — Xeg, Xeqg = X4 — k121 (27)

where k1 > 0. Apparently, making z; small or converging to zero is equivalent to making
zp small or converging to zero [20].
Noting (22), the dynamics of zp can be calculated as

Zp = gCOS@ + 61Fc — szc — 93S(y'c) + 04 +AD; — ygq (28)
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where F¢ can be taken as the virtual control input to make z, small or converging to
zero. Thus, following the ARC design procedure, the virtual control law Fq; for Fc can be
synthesized as

Fcq = Feaa + Feus

1 ~ A R
Fega = Hf[—gCOS(@ + 029c + 635(Yc) — 04 + eq)
1
Fcas = Feas1 + Feas2 (29)
1 w
Feas = —kaa1 o kos1 > —g1 || Ty || +kz
1 min wy
¢1 = [Fedar —Yer —S(¥e),1,0,0,0,0,0]"

where the control law F¢; includes the adaptive model compensation law Fq;, and the
robust control law Fcgs, in which kps; > 0 is the feedback gain, k, > 0and g1 > 0, > 0Ois
the adaption rate matrix, wp > 0 and w3 > 0 are the weighting coefficients, and Fc; is the
nonlinear robust feedback term satisfying the following dual robust performance conditions:

(i) zoFcas2 <0

3 TA (30)
(ii) z2(01Fcasr — 10 +AD1) < g1

with &1 being a design parameter.

Define the discrepancy between the actual cylinder force Fc and the virtual control
law Fc; as z3 = Fc — Fcy. Then, substituting (29) into (28), the resulting error dynamics of
2z can be calculated as

01

Zp = — kos1z2 + (01Fcaso — ¢1 0 + ADy) + 6123 (31)

1min
Step 2

This step is to synthesize the control signals 11 and u; for the proportional valves.
Define the following tracking errors as

23 2 231 + 232
z31 = Fe1 — Fag (32)
z3p = Fo — Foog
where F.1; and F; are given in (19). Noting (22) and (29), the derivative of z3; can be
calculated as
231 = Fo — Fag
A2 A 1 (33)

= — (AL + “BLYosyy + 05Qc1 + Ap106 — Ap167 + Ade — = Fey
Var Vg 2
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with F¢,; being the derivative of Fc; defined in (29). Then, Fc; can be written as the sum of
two parts as

Feq = Feae + Feau

. OFcg .  OFcg. | dFgy
Feae = 3. Yo+ 3. Vet —;

ﬁc = gcos© + 0,Fc — ézyc - é35(y'c) + 04

. ] (34)
. F, F
FCdz — aCd<y —]/c) agdG
JoFc OF-; x
— T[ 01 Fc + 0oy + 055 () — 4 + ADy] agde

where Fc;. represents the calculable part of Fc;, which can be compensated through
adaptive robust control law, 1. denotes the estimate of i according to the measured states
and parameter estimates, and Fcy; is the incalculable part and has to be handled through a
certain robust feedback approach.

Following the ARC design procedure, noting the error dynamics in (33), the control
law Q.14 for Q. can be synthesized as

chd = chda + chds

2
1 Al A%Bl

X 1. R
Qctda = e — (5= V) + Vel V0591 — Aarfs — Ap107 + 5 Fede = 2 0,2]

w2
2603 (35)
chds = chdsl + chdsZ

aFCd ||2

Qeiast = —kssi=—231, kas1 > &2 || Tows ||* +c1 ||

95m1n
where the control law Q.14 includes the adaptive model compensation law Q.14, and the
robust control law Q.145, in which k3s; > 0 is the feedback gain, k3 > 0, g > 0,d; > 0,
I' > 0is the adaption rate matrix, and Q.14 is the nonlinear robust feedback term to be
detailed later.

Similarly, the control law Qo4 for Q. can also be synthesized with regard to the error
z3; as follows and the detailed procedure is omitted here:

Qc2d = chda + Qchs

1 Aiz A%Z N N N 1 . (,4_)2 N
== ZB2y0 1, — Apobs — A SEg - 22
Qc2da 6 (7= Vo + Vi )0592 — Az B20g + pFcde = 2, 6125

(36)
Qchs - chdsl + QchsZ

1
Qeaast = —kastg——232, kas1 = &2 | Tgows || +c1 || Cd 12 +k3
5min
with similar definitions to (35).
Noting z3 = z31 + z3 and (22), the resulting error dynamics of z3 can be calculated as
follows using the control law in (35) and (36):

z3 = (F — Faa) + (Fo — Foog)

05 -
—kss1 725 + [05(Qe1as2 + Qeaasa) — P20 + Adey + Adeo] —

aFCd A Wo (37)
0
65m1n

—0— —=04z
200 w312
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where the regressor ¢, is written as

B ﬂ _ aFCd T
w3z ayc FC
JdFcy .-
e Je

5} .
;yccds(%)

_9Fy
P2 = A2 A2 A2 ay.CAZ (38)
_(Wf‘ll + Wéll)yl - (Wézz - W?j)y'z + Qc1da + Qc2da

A

Ay

Az

A

The nonlinear robust feedback terms Q145 and Q.»4s» are chosen so that the following
dual robust conditions are satisfied:

(i> Z3(Qc1ds2 =+ QchsZ) <0

; i (39)
(ii) z3[05(Qc1as2 + Qeads2) — P30 + Ader + Adgo] < &2

where ¢; is a design parameter.
In addition, the unknown parameter set 6 is estimated online using the discontinuous
projection-type adaption law in (24), where the adaption function is defined as

T = waP122 + w3rz3 (40)

Noting the relationship defined in (13) and (14) and the control law synthesized in (35)
and (36), the valve control signals 11 and uy can be generated finally as

Qc1d
=7 A
Virkgar vV 1Aparl + P kgp1/|Apsa |
1y — Qead (41)

A A
T2kgao/|Dpaz| + 72kgp2 /| Apa2|

3.2.3. Theoretical Performance

The following theoretical performance can be guaranteed with the resulting control
law in (41).

Theorem 1. If the controller parameters g1, g2, and cy satisfy g1 > ﬁ and go > ﬁ, the control
law in (41) with the adaption law in (24) leads to guaranteed tracking errors bounded by

V(t) < exp(—AH)V(0) + %[1 — exp(—At)] (42)

where V = Ywyz3 + 1wsz3, A = 2 x minf{ky, ks}, € = woeq + waey. In addition, if after a finite
time tg, ADy = Ad. = Ady = 0, i.e., in the presence of parametric uncertainties only, asymptotic

output tracking is achieved, i.e., z1 — 0 ast — oo.
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Proof of Theorem 1. Differentiating V() while noting the resulting error dynamics in (31)
and (37), one can obtain

V = wrzo2y + w3z323

= —w ko123 + wpza (01 Fca — ¢1 0 + AD —— k35173
291mm 25123 + w222 (61 Feasy — 91 1) — 95mm 35123 (43)

7l JF,
+ w323[05(Qe1ds2 + Qeads2) — P2 0 + Adey + Adea] — w3zs agd i

In terms of the adaption law in (24), the following property is held:

16]1> = || Projo[T (w2122 + waaz3)] ||
< ||T (w122 + wspz3)|? (44)
< 2(||T¢1 |Pwiz3 + [ITa||*w3z3)

Noting g1 > 4C and g, > 4 and (44), the following relationship can be obtained:

BFCd

~ é‘ S C1 ang
0

|23

1 4
e (LR
Cd (45)

1>+ 11T [IPw3z5 + g2 /T2 ||*w3z3

Thus, substituting (45) into (43) and noting the inequalities in (29), (35), and (36) as
well as the robust performance conditions in (30) and (39), the derivative of V() becomes

V< —w 7 91, ka5 + w2 (61 Feasz — ¢1 6 + ADy) — —k3z3
1min Smin
+ w3z3[05(Qe1as2 + Qeods2) — 20 + Adey + Ado] (46)
< —w2k2Z% — (/J3k32% + wpe1 + wszén
=—-AV+e

which leads to (42) by Comparison Lemma.
If AD; = Adyy = Adyy = 0, one can define another positive-definite Lyapunov
functionas Vyp =V + %éTF’lé. Noting the properties in (26), the relationship in (45), and

éml = 0,1, the derivative of Vj is given as
Vo=V +6T19

5
k3125 + w32305(Qerds2 + Qeads2)

95min

2 LKy 23 + wyz261 Fegsn —
1min

| 9Fcq;

5 0+6Tr ! [9 —T(wag122 + w3¢rz3)] @)

< —wokaz} — wsksz3 + 0T [T Projo(I't) — 7]
< —kaQZ% - w3k3z§

Thus, z3,z3 € Ly and % and z3 are bounded. By Barbalat Lemma, z; — 0 as t — oo.
Considering the stable transfer function between z; and z; in (27), one can obtain z; — 0
ast —oco. O

4. Simulation
4.1. Simulation Setups
The complete dynamics model built in (15) was used in Matlab/Simulink to establish

the dynamics of the lifting gantry to be controlled, i.e., the plant. As for the principal
parameters of the gantry, mg = 2200 kg, By = 1200 N/(m/s), B = 800 N/(m/s), A1 =
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2000 N, Ay = 1400 N, I, = 3 m, Jg = 4000 kg - m?, k, = 1 x 107 Nm/rad, h = 0.2 m; and
as for the cylinders, the diameters of the pistons were 80 mm and the diameters of the
rods were 56 mm. In addition, modeling errors were also added into all equations and the
parameters used in the controller deviate from these true values in the plant.

The theoretically rigorous way to choose the controller parameters is demonstrated
in [20], but it may increase the complexity of the resulting control law considerably. Thus,
following our previous works [32,33], an alternative approach was used for gain tuning
in this study by simply choosing kjs; and k34 large enough without worrying about the
precise values of the nonlinear robust feedbacks in (30) and (39). Such an approach was
also used in [20,34]. By doing so, the robust performance conditions (30) and (39) were still
satisfied at least locally around the reference trajectory.

The following three control schemes were compared in the simulation:

e Cl1: the proposed controller As for the thrust allocation, the pre-estimated mass of the
entire moving body was chosen as mge = 2000 kg, which deviated from the true
value in the plant. In the motion tracking controller, the feedback gains were tuned
as k1 = kpsg = kzs1 = 50; the adaption rate matrix was I' = diag{5 x 10717,1 x
1072,1x107%,5 x 107%,4 x 107,1 x 107,1 x 107,1 x 107,1 x 10”}; and the weighting
coefficients were wy = 1 x 10'% and w3 = 1.

e C2: the controller without adaption The only difference from C1 was that the adaption
in the motion tracking controller was turned off, i.e., I' was set to zero.

e C3: the controller without thrust allocation The dual cylinders were controlled by the
same signals, which is the usual case in engineering. Thus, no efforts were made in
the controller for synchronization. The dual cylinders had to be synchronized by the
high-stiffness mechanical coupling itself. The motion tracking controller was exactly
the same as the one in C1.

The above control schemes to be compared were chosen for the following reasons.
As for C2, the adaptation is turned off, which causes it to behave similarly to a typical
robust controller with only offline model compensation. Thus, by comparing C1 and
C2, the effect of parameter adaptation can be inspected, e.g., in terms of steady-state
tracking error or positioning error. As for C3, it can be treated as a commonly used control
scheme in practical engineering. On one hand, in almost all engineering applications at
present, the dual cylinders in the lifting gantry are controlled by a single human-operated
proportional valve. This means that the synchronization is only ensured by the guide rails
and crossbeam mechanically, while no efforts are made in the software or at the control
level. Under such conditions, the forces of the dual cylinders should be the same, which
will cause the crossbeam to rotate by a small angle and lead to synchronization problems.
Thus, in C3, F,1y = Fopy = %ch instead of the proposed thrust allocation in (19) is used to
generate the desired cylinder forces, which will lead to similar cylinder output forces to
simulate the aforementioned practical situation. On the other hand, in practice, the PID
control is usually used, and, intuitively, it seems that PID control should also be used in
C3. However, the better performance of ARC over PID has been verified by many existing
works [20]; ensuring the optimal parameter tuning of PID is time-consuming and also
depends on the real task. If C3 uses PID, it will possibly be difficult to identify whether
the improvement comes from ARC over PID or the proposed thrust allocation scheme.
Therefore, C3 applies the proposed motion tracking controller but without thrust allocation
to test the synchronization performance. Based on the above analyses, C2 and C3 are
representative control schemes to compare with the proposed control scheme in terms of
specific aspects.

As shown in Figure 5, a smoothed point-to-point S-curve reference trajectory was
used in the simulation. The distance was set as 0.8 m, with a maximum velocity of 0.2 m/s
and a maximum acceleration of 0.2 m/s2. In addition, the simulations were conducted
with different inclined angles ® of the entire lifting gantry to test the synchronization
performance under unbalanced loads. Specifically, there were three simulation sets, and
®=0,0.5rad, 1rad were used in Set 1, Set 2, and Set 3, respectively.
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Reference Trajectory
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Figure 5. Reference trajectory used in simulation.

4.2. Simulation Results

The motion tracking errors of the three control schemes in three sets are shown in
Figures 6-8, respectively. Comparing C1 with C2, the tracking errors of C1 are much
smaller thanks to the effect of parameter adaption. In particular, C1 is able to achieve
almost asymptotic tracking performance during the steady state, e.g., when the reference
velocity is zero. This is a valuable property, essential for the lifting gantry, since the steady-
state tracking error, or the positioning error, is directly related to the quality of segment
assembling. The parameter estimation results in three sets are illustrated in Figures 9-11,
respectively. The parameter estimates change within predetermined ranges and do not
show any improper chattering phenomena. In addition, since F.1; = Fp; = %ch is used
in C3 to generate the desired cylinder forces, the desired total force Fr; used by the motion
tracking controller still can be guaranteed. As expected, the tracking errors of both C1 and
C3 in three sets are properly kept within a small range, thanks to the well-designed motion
tracking controller for linear motion along the Y — axis. To validate the motion tracking
performance, the proposed controller C1 achieves a high level of tracking precision, i.e.,
the midpoint of the crossbeam y. is able to track the given reference trajectory y,(t) with
high precision.

3 X 107 Tracking Errors in Set 1
T T
~ 2F B
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EOp — —
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3
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3 x10 ‘ ‘ | | |
— 2 | — ol
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2 00 i
[Sa N, N |
3 | | | | | |
0 5 10 15 20 25 30 35
3
3 x10
—~ 2 B
E 1 —C3
5 0 — A
= -1
M2
3 ! | | | | |
0 5 10 15 20 25 30 35

Time (sec)

Figure 6. Motion tracking errors comparison in Set 1.
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3 X 1073 Tracking Errors in Set 2
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Figure 7. Motion tracking errors comparison in Set 2.
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Figure 8. Motion tracking errors comparison in Set 3.
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Figure 9. Parameter estimation results of C1 in Set 1.
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Figure 11. Parameter estimation results of C1 in Set 3.

Then, the synchronization performances are compared according to the calculated
rotational angle a of the crossbeam. The rotational angles of C1, C2, and C3 in Set 1,
where the inclined angle ® of the entire lifting gantry is set to zero, are illustrated in
Figure 12. Under such ideal working conditions, the loads act equally on the dual cylinders.
As expected, the three control schemes are all able to regulate the angles to zero after
quick transient processes, and the only difference is that C1 and C2 are slightly quicker.
However, when it comes to the unbalanced load conditions, i.e., in Set 2 and Set 3 with
the inclined angle © = 0.5 rad, 1 rad, the synchronization performances become distinct,
as shown in Figures 13 and 14, respectively. The resulting angles of C1 and C2 are able
to converge to very small values after quick transient processes. This comes from the
effect of the proposed thrust allocation applied in both C1 and C2. Due to the allocation,
the remaining forces pushing the rotational motion, as defined in (17), can be kept small
enough, such that the large stiffness of the connections between the crossbeam and guide
lines acts as a large proportional feedback to regulate the rotational angle within a very
small range. In contrast, without the thrust allocation, the resulting rotational angle of
C3 becomes much larger when unbalanced loads act on the dual cylinders. To confirm
the synchronization performance, the proposed thrust allocation scheme works well in
regulating the unbalanced loads on the dual cylinders and thus leads to a high level of
synchronization compared with the commonly used approach.
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5 X 104 Rotational Angle of the Crossbeam in Set 1
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Figure 12. Rotational angles comparison in Set 1.
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Figure 13. Rotational angles comparison in Set 2.
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5 X 104 Rotational Angle of the Crossbeam in Set 3
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Figure 14. Rotational angles comparison in Set 3.

In summary, according to the comparative simulation results, the proposed control
schemes C1 achieves high-precision motion tracking performance and simultaneous high-
level synchronization of the dual cylinders in the lifting gantry under unbalanced loads.

5. Conclusions

In this study, the 2-DOF dynamics of the lifting gantry are modeled in detail, where the
connections between the crossbeam and guide lines are treated as high-stiffness rotational
springs to introduce the additional rotational motion. Then, a model-based synchronization
control scheme is developed. Within it, the thrust allocation is designed to regulate the
rotational angle to a very small range, and the motion tracking controller is synthesized
based on the ARC theory to guarantee the desired motion tracking precision. The theoretical
performance is analyzed with detailed proof. Finally, comparative simulations verify the
effectiveness of the proposed scheme in dealing with both linear motion tracking and
dual-cylinder synchronization. Generally, the study offers a practical control solution for
the dual-cylinder mechanisms under unbalanced loads, from complete modeling to control
design and validation. In particular, the thrust allocation is easy to implement in practice
to achieve high-level synchronization due to its simplicity and independence on precise
measurement signals. Therefore, this is a comprehensive study with practical meaning.
In future, experiments will be conducted to further validate the performance in a real
lifting gantry.
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