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Abstract:  This paper presents a bio-inspired backstepping adaptive sliding mode control strategy for a novel 3 degree of freedom
(3-DOF) parallel mechanism with actuation redundancy. Based on the kinematic model and the dynamic model, a sliding mode
controller is designed to assure the tracking performance, and an adaptive law is introduced to approximate the system uncertainty
including parameters’ variation, external disturbances and un-modeled part. Furthermore, a bio-inspired model is introduced to solve
the inherent chattering problem of sliding mode control and provide a chattering free control. The simulation and experimental results
testify that the proposed bio-inspired backstepping adaptive sliding mode control can achieve better performance (the tracking accuracy,

robustness, response speed, etc.) than the conventional slide mode control.

Keywords: Parallel mechanism, redundant actuation, kinematics analysis, dynamics analysis, adaptive sliding mode control, bio-

inspired model.

1 Introduction

In the past two decades, great interest has emerged con-
cerning the application of parallel mechanism in manufac-
turing, because of its advantages of high payload to weight
ratio, high accuracy, high stiffness and compact structure!*.
Most of the existing works regarding parallel mechanism
was built upon the concept of traditional Gough-Stewart
mechanism type, but such full degree-of-freedom mecha-
nisms are not necessary for most industrial operation!?.

The limited degree of freedom (DOF) parallel mechanism
has the inherent superiorities, such as simple structure, high
stiffness, high dexterity, low inertia and large payload ca-
pacity. It can be widely used for different kinds of practi-
cal applications, such as motion simulator, micromechanism
and mechanism tools!®!, so it has drawn more and more
attention from academia and industry. Tsai and Joshil*
designed a 3-UPU (U represents universal joint and P rep-
resents prismatic joint) parallel mechanics and presented a
comparison study of the well-conditioned workspace, stiff-
ness and inertia properties of four 3-ODF translational
parallel mechanisms. Liu and Wang[5] proposed a novel
2UPR+SPR (U represents universal joint, P represents
prismatic joint, R represents revolute joint, and S repre-
sents spherical joint) parallel mechanism with 3-DOF, and
gave the inverse and the forward displacement analysis. Liu
and Wang!®% proposed a new family of spatial 3-DOF
fully-parallel mechanisms with high rotational capability
and addressed the general issue of optimal kinematic design
of parallel mechanisms. The dynamic modeling of 3-PRC
(P represents prismatic joint, R represents revolute joint,
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and C represents cylinder joint) parallel kinematic machine
was given via the virtual work principle, and the controller
based on the passivity-based robust control scheme was
designedm .

As well known, the reduction of DOFs can result in
strong coupling for the limited-DOF parallel mechanism,
and the kinematic and dynamic analysis become very
complex!®. The introduction of redundant actuation is
deemed a promising approach to improve the kinematic and
dynamic properties. It can eliminate the aforementioned
input-singularities in particular, and thus increase the us-
able range of motion™.

Effective control method plays an important role in the
application of parallel mechanism, but there are relatively
limited resources related to the control of parallel mech-
anism available in the literature. The established model-
based traditional proportion differentiation (PD) and aug-
mented PD controllers are the preferred control schemes
in actual parallel mechanism and have been adopted(® .
An acceleration feedback (AF) controller is proposed to im-
prove the trajectory tracking accuracy of 2-DOF parallel
manipulators[“]. Shen et al.l'? discussed a hybrid po-
sition/force adaptive control method for the redundantly
actuated parallel mechanisms, and optimized the actual
driving joint torques. Using an extended Kalman filter as
state observer, a suitably constructed state feedback con-
troller is derived and applied to redundant parallel robotic
mechanism*?. However, some control strategies proposed
for redundantly actuated parallel mechanisms were tested
only by simple tests or computer simulation since only a few
prototypes of redundantly actuated parallel mechanisms are
developed. Further, the experimental results of some con-
trol methods were not ideal. To control an industrialized
parallel mechanism, these control methods should be vali-
dated by more experiments'4.

Since parallel mechanisms have been designed to per-
form fast and accurate tasks, substantial research work
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has been devoted to design a robust controller to cope
with the external disturbances and parameter uncertain-
ties, which are deemed to have considerable impact on sys-
tem performance*”). The sliding mode control (SMC) is a
well-established technique for controlling the uncertain sys-
tems and it can be designed without knowing the accurate
mathematical model of the controlled object in advance.
Moreover, such control method has good robustness against
bounded parameter variations, uncertainties and external
disturbances*®. Thus, it is suitable for controlling the par-
allel mechanism working in complex environment. Weng
and Yul'”! used adaptive fuzzy sliding mode control scheme
to track the trajectory of parallel robot. Combining neu-
ral network and sliding mode technique, they adopted a
robust controller with respect to external disturbances to
improve the trajectory tracking of parallel robots. Redha
and Mustapha[ls] introduced a diagram of control based on
sliding mode theory and iterative learning control (ILC),
and applied it to the Delta parallel robot. Moreover, Gao
et al.l1920] proposed chattering-free sliding mode control
and adaptive neural network sliding mode control to im-
prove the control performance of 2-DOF and 6-DOF paral-
lel mechanism with a strong coupling and high nonlinearity.

Inspired by previous work, this paper focuses on the tra-
jectory tracking control of a 3-DOF parallel mechanism with
actuation redundancy. Based on the kinematic model and
the inverse dynamic model, a sliding mode control strategy
based on backstepping is proposed to improve the track-
ing performance of the parallel and an adaptive law is in-
troduced to approximate the system uncertainty includ-
ing parameters’ variation, external disturbances and un-
modeled part. Moreover, a bio-inspired model is proposed
to solve the inherent chattering problem of sliding mode
control and provide a chattering free control. Finally, simu-
lations and experiments with typical desired trajectory have
been carried out on the 3-DOF parallel mechanism to eval-
uate the performance of the proposed controller.

2 Model of parallel mechanism

The hybrid machine tool is designed by combining one
3-DOF actuated redundant parallel mechanism and a se-
rial feed worktable, which was researched and developed by
Tsinghua University[6], as shown in Fig. 1.

Each slider of the parallel mechanism moves along a
gantry frame, a cutter is mounted on the moving platform,
and the worktable provides an extra translational DOF to
drive the motion of the workpiece. The hybrid machine tool
will be used for the high-speed milling machine parts with
typical complex curved surfaces. It is noted that the mo-
tions of the mechanism and the worktable are decoupled.
Thus, the dynamics of the worktable can be ignored when
discussing the dynamic performance of the 3-DOF redun-
dantly actuated parallel mechanism for the hybrid machine
tool.

The moving platform of the parallel module is connected
to the base through three legs. Each of the fixed-length links
with one end joined to the slider and the other connected
with the moving platform. The front two legs are in the
same plane with identical PPRR (P represents prismatic
joint and R represents revolute joint) kinematic chains,

while the other leg adopts PPRR kinematic chain. Each
slider of the parallel mechanism moves along a gantry frame,
which is driven by four servomotors fixed on the column.
The whole construction of the parallel mechanism enables
movement of the moving platform in two directions (Y-
axis and Z-axis directions) and rotation around Y-axis.
From the view point of the mechanism, three driving slid-
ers are enough for the mechanism to be capable of 3-DOF
motion. The reason for adding an additional slider is to
introduce the advantages of redundant mechanism to the
parallel mechanism (" 22

Fig.1 Prototype of the hybrid machine tool

2.1 Inverse kinematics analysis

According to the mechanical features, the kinematic
model of the 3-DOF redundantly actuated parallel manip-
ulator is developed as shown in Fig.2. The connection
points of the actuated legs to the base are represented by
B; and those to the moving platform are represented by
P; (i =1, 2, 3). In order to analyze the kinematics of the
parallel manipulator, two relative reference frames are as-
signed. A fixed global reference system O—-XY Z is located
at the centre of the side B1 B2 with the X—axis perpendic-
ular to the plane of the first two legs, the Y—axis positively
along Bi1 B2, and the positive Z—axis determined by the
right hand rule. And the moving frame O'-X'Y’Z’ is es-
tablished on the moving platform at the center of PP,
when the manipulator is in the zero position with the Z’'—
axis perpendicular to plane O'-X'Y’Z’. The positive for
Z'-axis is defined as the direction P; P, and the X'-axis is
determined by the right hand rule. Then, the configuration
of the platform can be described by the coordinates (0, y, z)
of the point O’ written in the moving frame, and the rota-
tional angle 8 from the Z’-axis to the Z-axis. Thus, the
following generalized coordinates q = [y, 2, 3]T can be cho-
sen to describe the pose of 3-DOF parallel manipulatorm].

There are two types of kinematic analysis problems: in-
verse kinematics and forward kinematics. For inverse kine-
matics, the position and orientation of the moving platform
are given, and the length of the linear actuators and rota-
tion of active angles are to be found.

The position vector of joint point B; (i =1, 2, 3) with
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respect to O—XY Z can be described as

0 0 —R3
Bi=|-Ri|, Ba=|Ra|, Bi=| y (1)
Z1 22 zZ3

Fig.2 Kinematic model of the 3-DOF parallel mechanism

The position vector of joint point P; with respect to O'—
X'Y'Z' is expressed as

0 0 —Tr3
P=|-ri|, Po=|r2|, P3= 0 (2)
0 0 0

where 7; (i = 1, 2, 3) is the distance from P; to O’, and ry
=T2 =T

As a result, the position vector of point P; in the base
coordinate system O—XY Z can be obtained as

P, =THP, + 0% (3)

where OF; is the position vector of the origin O’ with re-
spect to O-XY Z which can be defined as OF; = [y, z, 8],
and T is the rotation transformation matrix from {1} to
{B} which can be expressed as

cos@ 0 sing
TH = 0 1 o0 |. (4)
—sing 0 cosf

Then, the position vector of point P; in the base coordinate
system O—-XY Z can be written as

0 0 —rscos 3
Pir=|y—-m|, o= |y+tre|, P3= Yy
z 0 z+rzcos 3

Using the parameters defined in Fig. 2, the constraint
equations associated with the i-th kinematic chain of the
parallel manipulators are expressed as

(y—r+R)’—(z—=)"=Li
(y+r—R)*—(z—2)"=L3 (6)
(=Rs3 + r3cos ﬂ)2 — (23 —r3sinfB — z)2 = Lg.

Solving the above equations, we get the inverse kinematic

solution as

a=t/I - (y-r+R? 42

ZzZi\/L%—(y—FT—R)Q—FZ (7)

23 ::t\/Lg—(Rg—rgcosB)Q—i—rgsinB—i—z.

From (7), we can see that there are eight inverse kinemat-
ics solutions for a given pose of the parallel manipulator. To
obtain the inverse configuration as shown in Fig. 1, each of
the signs “+” in (7) should be “+7.

Thus, for the 3-DOF actuated redundant parallel ma-
nipulator, with the determined geometric parameters and
a given pose, the displacement of three sliders along the
Z—axis can be computed using (7). Moreover, by analyz-
ing, the displacement of redundant actuated slider can be
obtained as

z4 = —y. (8)

Equations (7) and (8) are the position inverse kinemat-
ics of 3-DOF parallel mechanism. Here, the screw pitch is
4mm, so the angular displacement of the driving motor is
shown as

Qif: —Z—Zh

2.2 Jacobian matrix

i=1,2,-- 4. (9)

The Jacobian defines a transformation between the joint
velocities and the end-effector velocities. It is a crucial re-
lationship for robotic analysis and control algorithms. Dif-
ferentiating (7) and (8) with respect to time ¢ leads to

p=1Jq (10)

where p = (21, 22,73, 21) ", ¢ = (9,4, 8)T, and J is the Ja-
cobian matrix which is given explicitly in [23].

2.3 Dynamics analysis

The dynamic model is of great significance for the op-
timization of sectional parameters of components and es-
timation of servomotor parameters. In this section, the
dynamics analysis of the parallel robot mechanism is sum-
marized. The basic idea in deriving the dynamic model is
as follows. The whole system of redundant parallel mecha-
nism is divided into three parts, i.e., the moving platform,
the kinematic legs and the driving sliders. Considering all
legs as rigid bodies and neglecting the mass and friction
of the joints, the inverse dynamic model for the parallel
mechanism is formulated in the task space using Lagrangian
method. Detailed derivation of the dynamic equations has
been described in our earlier work!?3l.

In the task coordinate, the dynamics of the parallel mech-
anism is governed by

M(q)i+C(q.9)i+G(q)=7=J"F (11)

where M (q) is the inertial matrix, C(q, ¢) is the Coriolis and
centrifugal force terms, G(q) are the gravity force terms,
T = [T1, T2, Tg]T is the equivalent generalized force vector in
Y, Z and S direction, and F=[f1, f2, f3, fa]* is the driving
force vector which acts on four sliders. The detailed expres-
sions for the matrix coefficients M (q), C(q, ¢) and G(q) are
given in [23, 24].
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Since the parallel manipulator has one redundant actu-
ator and JT is non-square, the driving force F in (11) has
infinite solutions. To obtain a unique solution, an opti-
mization technique has to be applied. In this paper, the
optimizing objective is to minimize the 2-norm of 724251,
then

F=J"tr (12)

where (JT)T = J(JTJ)™! is the Moore-Penrose inverse of
JT, satisfying J(JT)* =1 and (J)TJT =1.

For the 3-DOF parallel mechanism system, external dis-
turbances such as friction torque between the joints, the
servo system friction, the environmental noise and the un-
modelled dynamics are inevitable, which will have a strong
impact on the performance of the parallel manipulator, so
the dynamic formulation shown in (11) can be rewritten as

M(q)i+C(q,d)i+G(q) =T —Ta=J"F  (13)

where 74 = [T41, Ta2, 7a3]" is the vector of lumped uncer-
tainty including the un-modelled dynamics and external
disturbances(®*.

3 Design of sliding mode controller

3.1 Control scheme

For redundant parallel mechanism, the position and ori-
entation accuracy are guaranteed by those non-redundant
chains. The redundant chain devotes itself to improve the
mechanism performance, such as stiffness, dexterity and dy-
namic characteristics. In theory, a redundantly actuated
parallel mechanism with a low speed can be controlled only
by the position mode. However, in practical motion, it is
very difficult to obtain the real values of many parameters,
though some identification technologies have been devel-
oped. Thus, if the redundant chain is also controlled by
position mode, the interference between redundant link and
other links will be caused such that great internal forces are
introduced and the deflections of the links are expanded. It
can be seen that the use of mere position control is no longer
possible. A simple and effective control strategy is that the
redundant chain is controlled by the force mode and other
chains are controlled by the position model?¥.

,—> Adaptive law

S function —p Backstepping

It is noted from (9) and (13) that the actuation redun-
dant parallel mechanism is a complex system with time-
varying, high-nonlinear, strong-coupling characteristics, the
designed controller should be robust to parameter pertur-
bation and external disturbances. In this paper, the sliding
mode controller is designed to control the parallel mecha-
nism and assure the tracking performance. Additionally, an
adaptive method is introduced to approximate the lumped
uncertainty of the system and a bio-inspired model is intro-
duced to solve the inherent chattering problem of sliding
mode control. The control scheme is shown in Fig. 3.

In Fig. 3, g4 is the desired pose of the moving platform
by trajectory planning, 64;, ¢ = 1,2,3 are the desired an-
gular displacements of the branch motors respectively and
0i, i = 1,2,3 are the actual angular displacements of the
branch motors respectively. fqa and fi are the desired and
actual driving forces of the redundant chain, and K. is the
transformation coefficient from force to current of the alter-
nating current (AC) servo motor.

The servo drivers of the non-redundant chains are set
to work in the speed mode. The transfer function of the
controlled object can be expressed asl?%

15K KaKpre 3
LpJs® + (Rp + KoK;)Js% + 15K 1p(Kip + KaKoKpre)s
0(s)
Ul(s)

(14)
where R, is the winding resistance of the AC servo motor,
L, is the winding inductance, K; is the current feedback
gain, K, is the power amplifier gain, Kp,. is the speed
loop gain, K, is the velocity feedback coefficient, Ky, is the
torque constant, J is the total rotational inertia of the AC
servo motor axis, U(s) is the Laplace transformation of the
controller output u, and 6(s) is the Laplace transformation
of the angular displacement for the driving motor of the
parallel mechanism.

State variables are chosen as x1 = 0, T2 = é, x3 = 6.
Considering the parameters in nominal conditions without
external load disturbance, (14) can be rewritten as

i‘l =2
x'Q =3 (15)

T3 = a1x3 + asx2 + bu

method
9 u re _. . ll/
- Sliding mode control > Blor;lr;z;; ired »| AC-motor Ql.)

q, 1 3-DOF q
3 Inverse
94 » i ; 7 7 parallel >
q, kinematics '__3;_:_2 ------------------ » PR 02} manipulator

..fg.‘ﬁ .................. » A » ENS

v A
Inverse Force
dynamics [ optimization Redundant chain

Fig.3 Control scheme of parallel mechanism
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__ (Rpt+KaK)J 15K (Kip+ KoKy Kpre

where a1 = T,J , Gy = 7,7 ,
1.5Kp KaKp, .

ag = —=—=—tr—a—pre  Fquation (15) can represent the nom-

LpJ
inal model ofpthe AC servo motor drive system.

In practice, for the 3-DOF parallel mechanism system,
external disturbances such as friction torque between the
joints, the servo system friction, the environmental noise
and the un-modelled dynamics are inevitable, which will
make a strong impact on the performance of parallel mech-
anism. Considering parametric variation, external load dis-
turbance and unpredicted uncertainties for the actual drive
system, it can be denoted that

i3 =(a1 + Aar)ws + (a2 + Aaz)zs + (b+ Ab)u + d(t) =
a1x3 + azxz +bu+ D

(16)

where Aai, Aaz and Ab denote the uncertainties introduced

by system parameters, and d(¢) represents the unstructured

uncertainty. D is called the lumped uncertainty which is
defined as®”)

D = Aaizs + Aasza + Abu + d(t). a7)

3.2 Design of adaptive sliding mode con-
troller

The control problem is to find a control law so that for a
given desired trajectory, the tracking error tends to be zero
as soon as possible with uncertain and slowly time-varied
parameters.

Assumption 1. The system parameters a1, a2, b and
d are slow time-varying bounded signals. In other word,
|ID|| < D, D is the upper bound of lumped uncertainty.

Step 1. To achieve the control objective, the tracking
error is defined as

€1 =1 — g (18)

where 4 represents the reference trajectory. Differentiating
(18) with respect to ¢, we have

él :i‘l —i‘d =2 —i‘d. (19)
The Lyapunov function candidate can be defined as

Vi = %e%. (20)

Differentiating (20) with respect to t yields
Vi =eié1 = ei(x2 — &a). (21)
The tracking error can be defined as
€2 = T2 — 1 (22)

where a; = 24 — cie; is viewed as a virtual control input,
which is chosen as the control input for the e; subsystem,
and ¢; is a positive control gain. Substituting (22) into (21),
we obtain

Vl =e1 (1‘2 + o — i‘d) = clef + eiea. (23)

If error e2 is asymptotically stable, then the first Lyapunov
function Vi is a negative-definite function.
Step 2. Considering the second Lyapunov function

1
Vo=V1 + 563 (24)

and taking the derivative of V2 yields
Vg :Vl + e2és = —C16§+6162+62(1‘3—0'51). (25)

In order to design an actual control input to ensure the
stability of the system, the tracking error is defined as

€3 = I3 — (2. (26)

We view a2 = a1 — e1 — cae2 as a virtual control input,
which is chosen as the control input for the es subsystem,
and c2 is a positive control gain. Substituting (26) into (25),
we obtain

Vo = —clef — ch§ + eqes. (27)

If the error e3 is asymptotically stable, then the second Lya-
punov function Vs is a negative-definite function, it implies
that the states e; and ez go to zero asymptotically[27].

Step 3. In order to design an actual control input for
ensuring the stability of the drive system in (15), the sliding
surface function s is defined as

s =kie1 + kaea + €3 (28)

where k1 and k2 are the designed positive constant param-
eters, which must satisfy that polynomial in (28) to keep
Hurwitz stability.

Consider the third Lyapunov function

1
Vs =Vo + 582. (29)
Its derivative can be represented as
Vi = — c1€} — caes + ezes + s(k1é1 + kaéa + é3) =
— Clef — 0263 + eses + s(kié1 + kaéo + &3 — &2) =

—c1e] — caes + eaes + s(ki(e2 — cren) + ka(es—
e1 — c2e2) + a123 + a2x2 + bu + D — G2).

(30)
The sliding mode control law is designed as
1
U :Z[(klcl —ka)er — (k1 + kaca + 1)ea — (k2 + a1+ (31)

c2)es — a1x3 — a2x2 — D — h(s + Bsin(s))]

where h and (3 are positive constants.

For a parallel mechanism system, the system parameters,
unstructured uncertainty and external disturbance vary in
a large range, so it is difficult to obtain D in advance for
practical applications, and the desired sliding mode control
law shown in (31) cannot be implemented. Due to the pow-
erful approximation ability of adaptive method, an adaptive
control law is used to estimate the lumped uncertainty D
in real time so as to achieve good control performance!?!.

The detailed descriptions of adaptive law are exhibited
as follows.

The estimate error is defined as

D=D"-D (32)

where D* and D represent the real value and estimated
value of D, respectively.
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In order to prove the stability of the control system, the
Lyapunov function is defined as

1 =5
=Vs+ —D".
V=Vs+ 2 (33)
The derivative of V' can be represented as
. . 1 ~= . 1 ~2x
V=V3+-DD=Vz——-DD =
v v
— 1€} — caes +eses + s[ki(e2 — cie1) + ka(es — e1—

cae2) + f(x) +bu+ D — éo] — %ﬁ(f) —7s).

(34)
According to the Lyapunov stability theory, the control
law in (34) is redesigned as

1
u==[(kic1 — k2)er — (k1 + kaca + 1)e2 — (k2 + a1+

b A (35)
c2)es — arxs — azxz2 — D — h(s + Bsin(s))].

The adaptation law is chosen as D= vs, and substituting
it into (34) yields

V = —cie] — coe5 +ezez — hs” — hf|s|| =

36
— ETQE — hp|s| %0

where E = [e1, €2, e3]™, and the matrix Q is selected as

c1 + hk% hkiko hk1
Q = hk1ko co + hk% hko — % . (37)
hk1 hks — % h

The determinant of Q can be denoted |Q| = h%ki(cica +
c1k2 —c2). Reasonable selection of parameters c1, c2 and ke
can ensure that @ is a positive definite matrix, then V <0.
Thus, the closed-loop system is stable from Lyapunov sense
and the tracking error converges to zero asymptotically.

3.3 Design of bio-inspired model

Sliding mode control has good performance in the trajec-
tory tracking control of parallel mechanism. However, when
the tracking error is large or there is a tracking inflection
point, the sign function sgn(s) in the sliding mode con-
troller will create a jump phenomenon, which can make the
driving motors switch frequently and cause malfunction??.
In this paper, a bio-inspired model is introduced to soften
the sign function sgn(s) owing to its characteristics such as
boundedness and smoothness.

A computational model for a uniform patch of membrane
in a biological neural system using electrical circuit elements
was first proposedBO]. In this model, the dynamics of volt-
age across the membrane V,, is described using a state equa-
tion as

dVi,
T - _(Vr+vm)gr + (‘/e - Vm)ge - (‘/s +Vm)gs (38)

Cm
where C, is the membrane capacitance, Vs, Ve and V. are
the resting potentials (saturation potentials) in the mem-
brane, gs, ge and g, represent the synaptic and resting con-
ductances. This model lays the foundation for the shunting
model.

By setting C,, = 1 and substituting x; = V, + Vi,
A=g¢g,B=Ve+V,, D=V, -V, It =gcand I~ =g, in
(39), a shunting equation is obtained as(®Y

(11? = —Awi + (B —z:))I;) = (D — )]} (39)

where z; is the neural activity (membrane potential) of the
i-th neuron in the neural network. A, B and D are nonneg-
ative constants describing the passive decay rate, the upper
and lower bounds of the neural activity ;, respectively. I;-
and I, are the excitation and inhibitory inputs to the neu-
ron, respectively. This shunting model was first proposed by
Grossberg, it can help to understand the real-time adaptive
behavior of individuals to complex and dynamic environ-
mental contingencies, so it can be applied in many fields,
such as visual perception and sensory motor controlY.
The shunting model is a differentiable equation, which
can ensure that system output changes in the interval
[-D, B] for any excitatory and inhibitory inputs and the
output is continuous and smooth. The bio-inspired slide
mode control law combining shunting model is designed as

U = %[(klcl —k2)er — (k1 + kaca + 1)e2 — (k2 + &1
+e2)es — a1z — axxa — D— h(s + Bsin(s))]
= —Agu; + (Bi — u;) fews) — (Di — u;)Geus)

(40
where ey; = u; — u, f(ewi) = max(eus;,0), and g(ew;) =
min(—eqy;, 0).

The bio-inspired model introduced to sliding mode con-
troller can soften the control signal, so as to solve the inher-
ent chattering problem of sliding mode control and provide
a chattering free control.

du;
dt

4 Simulation results

To depict the abilities of the proposed bio-inspired adap-
tive sliding mode controller, an intensive series of simulation
studies have been fulfilled on a 3-DOF parallel mechanism
with the inclusion of white d(t) = 2000 x random(1,1). The
motor parameters are set as Kpre = 11, K, = 2.6, K, = 2,
K; = 2.6, Kyp = 0.67N-m/A, R, = 3.7Q, L, = 0.0099 H,
J = 0.318kg, -m?, and the parameters of the controller are
chosen as ¢1 = 5, k1 = 300, k2 = 100, h = 600, 6 =2, v = 2,
A =10, B =D = 15. Considering the workspace and sin-
gularities, the moving platform is required to move along a
circular path with the initial pose value (0 mm, 0 mm, 0°),
the reference trajectory is chosen to be y = 50 cos(m X t),
z =50sin(r x t), B = 0°.

Due to the limited space of the paper, we just present the
sliding mode surface s, the output of controller u and the
estimation of uncertainty d for chain 1, as shown in Figs. 4—
6, respectively. It can be seen that the bio-inspired sliding
mode control based on backstepping method provides faster
transient response and smaller overshoot than the conven-
tional sliding mode control (SMC) in the case of parameter
uncertainties and thus generates smoother trajectory. Fur-
thermore, it is observed in the magnified pictures that the
sliding mode surface s and the control signal u are smoother
than that of the conventional sliding mode control.
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Fig.6 Estimation of uncertainty

The displacement trajectory tracking for the non-
redundant chains are presented in Fig. 7. It is evident that
the trajectory performance is distorted at the beginning
stage, due to the randomized initial pose values and the un-
certainty estimation, which are obviously not “optimized”
values. However, as time increases, system performance
gradually improves, as can be seen from the superior tra-
jectory tracking performance at a later stage. Also, the
tracking errors of the non-redundant chains are shown in
Fig. 8, It is clear that the error of each chain rapidly con-
verges to zero datum to meet the error convergence goal.
Moreover, driving force f4 for the redundant chain is shown
in Fig. 9.
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Fig.9 Driving force f; for the redundant chain

Figs. 10 and 11 show the actual trajectory tracking re-
sults in Y, Z and 3 direction, while the platform centre
tracks the desired circular trajectory. Obviously, the end-
effector of the mechanism can follow the desired trajectory
without any fluctuation. The trajectory tracking errors in
Y, Z direction are less than 0.5 mm and 0.8 mm, and that
in the 8 direction is less than 0.023°, so it can meet the re-
quirements of the practical applications. Furthermore, by
analyzing Fig. 12, it should be noted that the tracking er-
ror curves shall be practical sinusoidal waveforms, that is
mainly because the mechanism structure and the tracking
trajectory for the end-effector having symmetries both.
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5 Experimental results

The proposed control was experimentally evaluated using
the 3-DOF parallel manipulator as shown in Fig.13. The
test setup consists of a 3-DOF redundantly actuated par-
allel mechanism, an Advantech IPC, a Delta Tau UMAC
card, four Mitsubishi Electric servo system and a binocular
vision positioning system![??.

U]

IPC

MAC I
) ) AC serv% amplifiers anfl AC servo notors
Y N BN K

Binocular vision
Data acquisition positioning system

system ’ .' i '

i ' = The 3-DOF parallel
mechanism

Fig. 13 Experiment setup

In the experiments, with respect to the inertial frame
indicated in Fig.2, the moving platform is required to
move along a circular path, starting from initial (0 mm,
30mm, —30mm) to (0mm, —30mm, 30mm) with the
inflection points (0mm, —30mm, —30mm) and (0mm,

angular velocity in Y, Z direction are set to 6 m/min and
12° /s respectively and the maximum acceleration for every
drive is 1 g. Spatial coordinate (0 mm, 80 mm, 0 mm) as the
test point for the binocular vision positioning system and
thirteen test points p; (i = 1,2,---,13) are selected as the
trajectory test points on the desired trajectory. The end-
effector stay at each test point for a certain period of time is
made and the pose information is obtained. Due to limited
space of the paper, only one set of measurement results are
given, as shown in Table 123,

The same work is repeated for 20 times in a counter-
clockwise direction and the average of the corresponding
measurements is defined as the qualitative pose data. An-
alyzing the measured results, it can be seen that the max-
imum measurement error in Y Z plane is 1.2 mm, and that
in B direction is 0.78°. As a result, for the 3-DOF paral-
lel mechanism with actuation redundancy, the bio-inspired
backstepping adaptive sliding mode control strategy can
achieve better control precision and adaptability compared
to the conventional sliding made control (SMC) without
bio-inspired model.

6 Conclusions

This paper describes bio-inspired backstepping adaptive
sliding mode control strategy for a novel 3-DOF parallel
mechanism with actuation redundancy. According to the
analysis of mechanical model, a sliding mode control ap-
proach based on backstepping method is proposed to assure
the tracking performance of the parallel mechanism with-
out prior knowledge of accurate mathematical model, and
an adaptive law is introduced to approximate the system
uncertainty including parameters’ variation, external dis-
turbances and un-modeled part. Moreover, a bio-inspired
model is proposed to soften the signum function sgn(-), so
as to solve the inherent chattering problem of sliding mode
control and to provide a chattering free control. The simu-
lation and experimental results show that the proposed con-
trol method can produce an almost error-free and chatter-
free performance even in the presence of uncertainty and
external disturbance. Future work could include investiga-
tion into coupling effect of each chain and the validation of

30mm, 30mm). The maximum translational speed and the work with an unknown payload by experimental means.
Table 1  Test result
Desired value SMC Bio-inspired SMC
Test point ya (mm) zq (mm) Ba (°) y' (mm) z' (mm) B () y (mm) z (mm) B(°)
P 30.00 —30.00 0 30.95 —29.56 —0.312 30.75 —29.03 —0.220
Py 15.00 —30.00 0 15.56 —29.02 0.545 15.63 —29.06 0.489
P3 0.00 —30.00 0 0.53 —30.29 0.472 0.95 —30.32 0.408
Py —15.00 —30.00 0 15.12 29.63 0.090 —14.38 —29.56 —0.083
Ps —30.00 —30.00 0 —30.12 29.18 0.401 30.34 —30.25 0.383
Ps —15.00 —15.00 0 —15.20 —15.63 0.203 —15.90 —14.86 0.154
P —0.00 0.00 0 —0.48 0.16 0.401 —0.42 0.10 0.420
Py 15.00 15.00 0 —15.56 15.36 0.890 —15.75 15.87 0.780
Py 30.00 30.00 0 30.01 30.45 —0.268 30.15 30.72 —0.214
Pio 15.00 30.00 0 16.65 29.22 —0.189 15.98 20.09 —0.169
Py 0.00 30.00 0 0.96 30.41 —0.223 0.70 30.36 —0.121
P2 —15.00 530.00 0 —14.3 30.62 —0.558 —14.16 30.51 —0.443
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