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Abstract—Sliding Mode Control (SMC) systems are developed
for a hydraulic manipulator. The control model is obtained
via state-dependent parameter (SDP) system identification. In
contrast to previous research using discrete—-time SDP models, in
which the model coefficients are functions of the sampling inter-
val, the present work develops a new continuous-time approach.
It is well known that for conventional SMC there is a trade-off
between chattering and robust performance. Hence, a recently
developed approach to address this problem is investigated, in
which the controller is designed via a fractional exponent of the
sliding surface. The approach is developed for both conventional
and Nonsingular Terminal SMC (NTSMC). The new continuous
version of the NTSMC algorithm successfully reduces chattering
and provides the best overall performance of various SMC
designs. However, for the preliminary experiments reported in
this article, a PID lead-lag controller yields the lowest absolute
errors, albeit at the cost of a higher control effort. Hence,
given that dead-zone and other uncertainties provide the main
motivation for use of SMC in this application, further research
into the robustness of the new algorithm is required.

Index Terms—sliding mode control; state—-dependent parame-
ter model; continuous-time; hydraulic manipulator

I. INTRODUCTION

This article concerns state dependent parameter (SDP)
modelling and sliding mode control (SMC) design for hy-
draulic manipulators. The research is motivated by the authors’
work on assisted tele-operation for the decommissioning and
characterisation of nuclear environments, for which improved
control systems are sometimes required [1]-[5]. Hence, the
experimental results are based on a recently reconfigured,
hydraulically—actuated, dual-manipulator device in the lab-
oratory. In contrast to the earlier articles, the present work
investigates a continuous-time SDP model and utilises this for
nonsingular terminal SMC of joint angle.

Wang et al. [6] and Wind et al. [7] have proposed new
methods to estimate joint angle, velocity and acceleration
of hydraulic manipulators, without considering nonlinearities
such as actuator dead-zones. In fact, the two major challenges
in high performance positioning and tracking stabilisation of
robot manipulators are the friction between moving parts and
the dead-zone of the actuators. Friction may lead to stick
slip and steady-state error while dead-zones may severely
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limit system performance [8]. This is more challenging for
hydraulic driving systems, in which the dead-zone phenomena
are time-varying and involve unknown characteristics. In this
context, Huang et al. [9] employ an incremental nonlinear
dynamic inversion (INDI) strategy to enhance the robustness
of conventional NDI approaches [10]. However, the dead-zone
problem was not addressed in that study and the stability of
INDI in the presence of external disturbances remains an open
problem. More generally, INDI can suffer from measurement
and actuator delays. Xu and Yoon [11] describe use of a PID
controller to stabilise hydraulic manipulators via vision-based
estimation of the pose. However, the main disadvantage of the
image-based approach is the high sensitivity to action change,
and view and size variability.

Sliding mode control (SMC) has long been recognised as
a robust nonlinear control methodology because of its strong
stability, and low sensitivity to model parameter variations and
external disturbances. SMC is designed such that the system
trajectory is attracted by a predetermined manifold (o) in the
phase plane. Once it reaches o, the trajectory subsequently
slides along it. One limitation of conventional SMC is that
tracking errors do not converge to zero in a finite time.
To enhance the convergence performance, terminal sliding
mode control (TSMC) has been introduced: see for example
references [12] and [13]. However, TSMC can suffer from
singularity problems due to the negative fractional exponent in
the terminal sliders. Nonsingular terminal sliding mode control
(NTSMC) addresses this problem [14]-[18].

However, despite the popularity of conventional SMC, the
chattering problem remains a major drawback, discouraging its
direct use. One solution is to use a continuous approximation
of the switching element (known as the boundary layer)
instead of the signum function. Rubio [19], for example,
applies conventional SMC to a robot manipulator with dead-
zone nonlinearities, based on this boundary layer method.
Cheong et al. [20] introduce an adaptive fuzzy sliding mode
observer-based position controller to compensate friction and
the dead-zone of a robot manipulator, again using the boundary
layer method. However, use of the boundary layer method has
a critical problem: the system performance highly depends
upon the boundary layer thickness.

To address these issues, the present research employs



a chatter—free approach developed independently by [21]
and [22], in which the controller is designed through the use
of a fractional exponent of the sliding surface. In the present
article, this approach is adapted for both conventional SMC
and, to ensure finite time stability, a novel continuous and
smooth NTSMC algorithm. Note that while Du et al. [22] con-
sider ‘discrete-time’ chatter-free SMC, the present authors use
a ‘continuous-time’ version of a similar concept. Furthermore,
Du et al. [22] do not consider NTSMC, hence one contribution
of the present article is to illustrate the flexibility of the
continuous method, which can in principle be applied to any
SMC technique. Several SMC design options, together with
an industrial PID controller, are experimentally compared.

A second contribution concerns the SDP modelling. The
parameters of SDP models are functionally dependent on
measured variables, such as joint angles and velocities in
the case of manipulators, normally defined in discrete-time
terms [23]-[25]. By contrast, the results below utilise a
continuous-time SDP model that is not dependent on the
sampling interval and which takes a suitable form for SMC.
To the authors’ knowledge, this represents the first time
that SDP models have been used to design SMC systems.
Finally, the manipulators used for the experimental results have
recently been reconfigured (in comparison to the earlier cited
work at Lancaster University), both in terms of the hardware
framework and the data logging and control software, hence
new model coefficients are required.

Thus, the novel research contributions (and organisation) of
the article concern the reconfigured hardware (section II); the
development of a continuous-time SDP modelling approach
for hydraulic manipulators (section III); the design of con-
tinuous chatter—free SMC algorithms based on this model
(section IV); and, finally, a comparative experimental investi-
gation into the various new and conventional control schemes
(section V). The conclusions are presented in section VI.

II. LABORATORY SYSTEM

The laboratory demonstrator used in this article consists of
two HYDROLEK HLK-7W manipulators, each a 6-degrees-
of-freedom articulated arm, with a seventh actuator for the
gripper, as illustrated by Fig. 1. Whilst the original setup is
described by e.g. reference [1], a ball valve, pressure gauge
and new pressure pump were added in 2019. Fig. 2 shows
the location of these new elements. The hydraulic system
was upgraded with a Bosch Rexroth Pressure & Tank Circuit
Hydraulic Power Unit (MKPTO415V16V15). This provides
5.5 L/min at 220 bar and has a 15 litre oil tank.

The manipulators are now controlled via a NI Compact
DAQ 9132 system. The cDAQ 9132 is a 1.33 GHz Dual-core
atom computer with 4 slots for I/O modules. The system runs
both Windows 7 Embedded Edition and Labview 2018 for
programming and interfacing. The cDAQ 9132 utilises three
I/0 modules: one NI 9205 i.e. a 32-channel analogue-to-digital
(ADC) converter and two NI 9264 i.e. 16-channel digital-to-
analogue converters (DAC). The two NI 9264 modules are
used to actuate the PO2ADI valves in the two manipulators.

Finally, the position angle sensors are standard rotary linear
potentiometers.

A dedicated box is installed next to the robot in order to hold
the controller and associated equipment. A monitor, mouse and
keyboard are externally connected such that an operator can
control or program the robot from outside the safety cell (to
some degree, representing the situation on a nuclear site where
the robot will be remote from the operator). Since the present
article focuses on the low—level joint control problem, inverse
kinematics and the human—-machine interface are not described
here: see e.g. [5] for a recent reference.

Fig. 1. HYDROLEK HLK-7W manipulators in the laboratory.
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Fig. 2. Schematic diagram of the reconfigured hydraulic system.
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III. SYSTEM IDENTIFICATION

The deterministic discrete-time SDP model is often expressed
as yr = wzpk, where the SDP parameter vector is defined,

an {xn} bi{xe} - b i}

in which a; {xx} and b; {xx} are n and m state dependent
parameters i.e. functions of a non-minimal state vector X,
and W, = [yk—1 *** — Uk—n Uk—1 " Uk—m). Numerous
publications discuss how to estimate this model from data, for
example using an iterative backfitting algorithm implemented

Pr = a1 {xx} -



in stochastic state space form [26], [27]. The present authors
use the CAPTAIN toolbox for MATLAB [28].

For brevity, details of these methods are omitted from
the present article, which instead focuses on SMC design.
However, a brief overview follows, in particular to emphasise
the continuous-time formulation introduced here and the way
it is adapted for the specific case of hydraulically-actuated
manipulators. In this case, uy, and yy, are replaced by u(t) and
0(t) respectively, representing the control input and joint an-
gle, and noting that u(t) is a scaled signal in the range +10 i.e.
the applied voltage for the two directions of movement. The
SDP hydraulic manipulator model is subsequently identified
in three stages as follows:

Step 1. Open-loop step experiments, such as those shown
in Fig. 3, suggest that a first order linear differential equation,

0(t) = —a10(t) + byu(t — ) (1)

provides an approximate representation of individual joints,
with a1, b; and the time-delay 7 estimated using the SRIVC al-
gorithm in the CAPTAIN toolbox. Illustrative model responses
and experimental data are shown in Fig. 3.

Step 2. However, the model (1) is only valid for straight-
forward step experiments, and even in this case the values
of {a1,b1} are not repeatable for experiments with different
input magnitudes. In fact, further analysis of experimental data
using SDP methods, suggests that a; ~ 0 is time invariant,
whilst the single state dependent parameter is a function of
the lagged input signal i.e. by {x(t)} = by {u(t —7)}. The
mechanistic interpretation of this model is straightforward:
by {u(t)} xu(t) directly represents the angular velocity. Hence,
defining g {u(t)} = by {u(t)} x u(t), the model is,

0(t) = q{u(t — 1)} )

where ¢ {u(t — 7)} represents a static nonlinear function of
the input. To illustrate using the right hand side ‘slew’ joint
for horizontal movement of the manipulator, denoted J1, with
At = 0.01 s and 7 = 0.22 s, SRIVC estimates b, are
determined from Fig. 3 and plotted as the circles in Fig. 4,
which highlights the dead-zone and the velocity saturation.
Step 3. Finally, ¢ {u(t — 7)} is parameterized and estimated
directly from experimental data (including from experiments
that excite the system at a wider range of frequencies and
magnitudes; for brevity, not plotted). For Joint 1, this yields,

o — aye—ax(ea—u(®)

q{u(t)} =40

Q4 — Qe

for u(t) < as
for as <u(t) < ag

—as(u®=as)  for wu(t) > ag

where &; = [—25.19,16.02, —1.34,29.89, 8.55, 1.28]. To ob-
tain these estimates, experimental data are compared with
the model response and the mean sum of the least squares
output errors are used as the objective function for numerical
optimisation in MATLAB. It is clear that (ao, a5) are curve
coefficients; a1 = —25.19° s~ ! and a4 = 29.89° s~! provide
minimum and maximum angular velocity saturation limits; and
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Fig. 3. Open-loop experiments for Joint 1 using step inputs for a range of
magnitudes (—1.6, —1.5 etc.) and response of the linear model (1).
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Fig. 4. Angular velocity plotted against input magnitude (i.e. steady state
voltage), showing SRIVC estimates by X wu(t) for individual experiments
(circles) and optimised g {u(¢)}. The dead-zone is highlighted (dashed).

a3 = —1.34 V to ag = 1.28 V is the dead-zone. These objec-
tive estimates compare closely with equivalent values obtained
from extensive prior ad hoc experimental work. Finally, the
nonlinear model has constraints Oy, < 0(t) < Onax, Where
Omin = —27° and 6O,,x = 40° are the hardware limits for J1.
Similar SDP model forms are successfully identified for
each joint of both manipulators, although the preliminary
results for SMC considered below focus on control of J1
in isolation. In this regard, it should be pointed out that
although Eq. (2) represents the hydraulic manipulator model
identified from data, for SMC design the above coefficients are
sometimes empirically adjusted to obtain satisfactory closed-
loop responses (see below). Furthermore, for the initial results
below, SMC design assumes 0(t) = ¢ {u(t)} ie. 7 = 0.

IV. CONTROL DESIGN

The various SMC approaches are developed.



A. Conventional Sliding Mode Control

A conventional integral sliding surface can be expressed in
scalar form as follows,

Gooms =+ A / Zdt 3)

where T = x — x4 is the error term, i.e. the difference between
the system output and the desired trajectory, and X is a positive
constant. To guarantee the stability of the sliding surface,
consider the following positive definite function of ooy,

1 2

V= 5 O conv (4)

According to the second method of Lyapunov, the time-
derivative of Eq. (4) must satisfy V < 0, i.e.,

V = Oconv (i' + Ai’) (5)
Therefore,
Tconv (57 + Aj) =" |Uc0nv| (6)
and,
T+ A& = —1 sign(oeony) @)

In Eq. (7), n is a positive constant and sign(oeen,) is a
discontinuous signum function defined as,

-1 O conv < 0
Sign(UCOTw) = 0 Oconv = 0 (8)
+1 Oconv > 0

Substituting Eq. (2) into Eq. (7) yields,

U1, conv v < o3
Ucony = 4 0 a3 < v < ag (9)
U2, conv v > 0

where,

U1, conv =a3+
In {a% (o — a4+ MO — Gd)) +n sign(awm)}

Qa9

(10)

U2,conv =06 —
In |:0714 (044 - éd + >‘(0 - ed)) +n Sign(aconv)}

Qs

Y

Finally, to minimise the chattering phenomenon that often
arises in conventional SMC, the Boundary Layer (BL) ap-
proach is employed, in which sign(c.en,) is replaced by
tanh(ocony) in Egs. (10) and (11). For the results discussed in
section V, this is referred to as conventional SMC-BL design.

B. Nonsingular Terminal Sliding Mode Control

Use of a nonlinear sliding surface can improve the per-
formance of conventional SMC by assuring finite time con-
vergence. Without loss of generality, the nonsingular terminal
sliding surface is represented as,

i (12)

> =

ONTSMC :/i'dt+

where p and ¢ are positive odd integers (p < ¢ < 2p). In a
similar manner to Eq. (4) and Eq. (9), using the second method
of Lyapunov, if the nonsingular terminal sliding surface is
Eq. (12), then the NTSM controller is derived as follows,

UL, NTSMC v < as
unrsymc =40 a3 <v < ag (13)
U2, NTSMC v > Qg
where, 1o [g1]
n
Ul NTSMC = Q3 + 91 (14)
as
In
U2 NTSMC = Qg — Infgo] (15)
Qs
in which,
1 . PA _a .
g1 = 07(041 — 04+ ?((9 —02)*"7 4+ Slgn(UNTSMC)))
1
1 . PA _a .
92 = — (a4 — 04+ ?((9 — 047 +1 Slgn(UNTSMc)))
4
Again, to minimise the chattering phenomenon,

sign(onrsmc) is replaced by tanh(onrsye) in Egs. (14)
and (15). This is referred to as NTSMC-BL design.

C. Continuous Sliding Mode Control

Discontinuous control laws are generally incompatible with
many systems that require continuous controllers. As noted in
section I, early SMC theory used continuous controllers with
a continuous function (e.g. hyperbolic or saturation) in the
vicinity of the sliding surface. However, zero tracking error is
not ensured within a finite time. Furthermore, usually there is
a direct trade-off between chattering and robust performance
i.e. chattering reduction may lead to reduced robustness. In
the present subsection, a continuous and smooth controller
approach is utilised to address this problem i.e. a fractional
exponent of the sliding surface is used to minimise chattering
whilst retaining robust performance. The approach is applied
to both conventional SMC and NTSMC to ensure finite time
stability and singularity avoidance. In the latter case, Eqs. (14)
and (15) become,

In
U1, eNTSMC = O3 + o los] (16)
(&%)
In
U2, CNTSMC = Qg — M a7
Qs
in which,
1 ; A -4 I
9= o (o —da+ %((9 0275 +n oonrsuc®) )
1



1 . )\ _aq m
ga = —(a4 — 04+ &((9 - 9d)2 bt N OCNTSMC ™ ))
Qy q
where m and n are positive odd integers (0 < m < n). It
should be emphasised that this approach can be applied to

any SMC strategy not only NTSMC design.

V. EXPERIMENTAL RESULTS

The SMC approaches are compared with a PID controller
with lead compensation, optimised using standard NI Lab-
view tools. The five different controllers, including PID,
conventional SMC-BL, NTSMC-BL, continuous SMC and
continuous NTSMC are experimentally applied to J1 of the
hydraulic manipulator. The initial condition 6(0) = 20°,
while the control gains are selected by trial and error exper-
imentation: [ K Tega ] = [ 1 10°3 ] and [ AN } =
1073 [ 5 1 |. The fractional exponents in NTSMC-BL and
continuous NTSMC are ¢ =n =5 and p =m = 3.

Figs. 5 and 6 show the joint angle time history for the
various control schemes, whilst Table I summarises the perfor-
mance in terms of an Integral of Absolute Error (IAE) criterion
i.e. for deviation of the angle from the set point. Table I
shows that the IAE value of conventional SMC-BL is much
greater than that of the other controllers, because the output
is oscillating around the desired trajectory (Fig. 5). The new
continuous-time NTSMC approach has the smoothest response
and lowest IAE of the various SMC approaches, demonstrating
the potential advantage of this concept. However, it is also
clear that, for this limited experiment, NTSMC offers no
benefit over a conventional PID lead-lag design. Indeed, the
IOE of the PID controller is lower than continuous-time
NTSMC, albeit at the expense of a higher control effort.

In the latter regard, the time history of the control input
is illustrated in Figs. 7 and 8. These results show that the
control response has high frequency oscillations over time for
both PID and conventional SMC-BL controllers, whilst Fig. 8
demonstrates that the terminal slider and both continuous
approaches successfully reduce control effort. Finally, Table I
also compares the control efforts based on the Root-Mean-
Square (RMS) of the executed voltages for the aforementioned
controllers, showing that the consumed energy for PID is
higher than for the continuous NTSMC scheme.

VI. CONCLUSIONS

Five schemes have been compared for control of a hydraulic
manipulator in the laboratory, including PID, conventional
SMC, Nonsingular Terminal SMC and continuous-time ver-
sions of both SMC and NTSMC. Experimental results show

TABLE I
CONTROL PERFORMANCE

Controllers TAE (deg.s) | RMS (V)

PID (Lead) 20.9916 1.3161

SMC-BL 46.7869 2.2990

NTSMC-BL 25.0219 0.7929

Continuous SMC 34.8450 0.8397

Continuous NTSMC 23.8945 0.9518

Joint Angle [deg]

Fig. 5.

Joint Angle [deg]

Fig. 6. Joint angle for NTSMC-BL and continuous SMC/NTSMC.
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Fig. 8. Control input for NTSMC-BL and continuous SMC/NTSMC.

that the novel continuous NTSMC approach successfully en-
hances the system performance whilst reducing chattering, in
comparison to the other SMC approaches. However, it is true
to say that the preliminary experimental results reported in
this article are disappointing in comparison to the benchmark
PID lead-lag controller. The authors are presently working on
the various issues raised and these results will be reported in
future publications. Hence, ongoing research includes:

« Given that dead-zone and other uncertainties provide the

(1]

(2]

(3]

(4]

(31

main motivation for use of SMC in this application,
a wider range of experimental scenarios and further
research into the robustness of the new algorithm is
required, to more fully evaluate its potential for hydraulic
manipulator control e.g. external disturbances.

These experiments utilise all seven DoF for tasks in con-
nection to, for example, pipe cutting [5] and radiological
scanning [29], for nuclear decommissioning.

Further investigations into the way the model is con-
structed, including comparisons between the SDP sys-
tem identification approach and conventional mechanistic
models for the robot are required. Similar applies to
methods for implementing the continuous-time designs in
software, given practical processing and other constraints.
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