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Coordinated Adaptive Impedance Control of
Redundantly Actuated Parallel Manipulators

Nan Ma, David Cheneler, Guangping He, Junjie Yuan and Gui-Bin Bian

Abstract—Redundantly actuated parallel mechanisms (RAPM)
have been widely adopted in advanced robotic systems and
precision machine tools. It has been demonstrated that redundant
actuation can improve the performance of mechatronic systems
but introduce challenges with respect to control. One main
difficulty is in establishing an accurate dynamic model of the
RAPM system. With an inaccurate dynamic model, the torque
applied by the actuators will be incorrect, leading to increased
antagonistic forces in the system. To solve this problem, a novel
coordinated adaptive impedance control (CAIC) approach based
on a new adaptive impedance control (AIC) law is presented here,
along with proof of the stability of the closed-loop system. The
control algorithm has been validated experimentally by a
prototype cable-driven parallel manipulator. It can be seen from
the experimental results that the proposed control method is an
effective way to correct the antagonistic forces of the system, thus
facilitating the improvement of its dynamic performance and its
efficacy in different applications.

Index Terms—Adaptive impedance control, Coordination
control, Actuation redundancy, Parallel manipulators, Uncertain
model

1. INTRODUCTION

APMs are widely used in modern precision machine tools

[1], high-speed parallel manipulators [2], musculoskeletal

robots [3]-[7] and robot-aided rehabilitation training
[8]-[11]. RAPMs are usually divided into two categories:
parallel mechanisms with redundant drive branch chains [12],
[13], i.e., with one or more branch chains with independent
actuators added to a fully-driven parallel mechanism; and
parallel mechanisms with redundant driving joints [14], i.e.,
with actuators added to one or more passive joints in a
fully-driven parallel mechanism. Since the number of
independent actuators is higher than the number of kinematic
degrees of freedom (DOF) of a RAPM, forces can be controlled
more flexibly. The redundant actuation can therefore prevent
singular forces with the following advantages: 1) the
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operational space of the parallel mechanism can be expanded; 2)
the load capacity of the manipulators can be increased by
homogenizing the actuator’s output; 3) the structural stiffness
of the parallel mechanism can be adjusted by controlling the
antagonistic forces/torques; 4) the transmission clearances of
the mechanism can be minimized [15].

The main challenge for operating RAPMs is in the
development of its control system. When the kinematic model
of a RAPM is inaccurate, the antagonistic forces/torques in the
RAPM generated by current model-based control methods can
be excessively large and unbalanced [12]-[15], leading to the
overload of the actuators and loss of accuracy in the
transmission system. To solve this problem, a tailor-made
robust control scheme was proposed by Miiller [12], but this
control scheme did not consider applications of the RAPM with
physical interactions. However, the RAPM has been widely
used in humanoid robots [3], rehabilitation robots [8]-[11],
[16]-[18], exoskeleton robots [3]-[7],[19]-[20], surgical robots
[21], and continuum robots [22], as well as in industrial
applications, where adjusting or controlling the dynamic
characteristics of the robots to accommodate physical
interactions during operation is critical to achieve accuracy and
safety [1],[2],[15],[22].

To attempt to equip a robot system with the afore mentioned
characteristics, impedance control has been adopted by many
researchers [4],[6],[8]-[26]. Recently, this was extended by use
of variable impedance control [6],[16],[22],[27]-[33] to
improve the adaptability of the robot system for coping with
operations that change over time. This enabled the
improvement of the performance of human-robot physical
interaction (HRPI) systems by adjusting their inertia, stiffness
and damping as required. Heretofore, due to the challenges of
designing time-varying closed-loop systems, the stability
region of these systems was determined experimentally
[16],[27]-[29]. The approaches for the stability analysis of
variable impedance control systems can be divided into two
categories: energy tank-based methods [32], which are
dependent on the state of the system and cannot be used for
off-line design of the time-varying impedance control system
as required to ensure uniform globally asymptotic stability; and
stability analysis methods that use the adaptive control system
as the reference, where the obtained stability conditions are not
dependent on the system’s state [22],[30],[33]. However, the
second method assumes that the expected inertial matrix of the
closed-loop system is constant. This is the main limitation since
this assumption is inconsistent with the characteristics of many
practical systems.

To overcome the practical difficulties of establishing
accurate models of robot systems, AIC [8]-[10],[17]-[21],
[34]-[36], robust AIC [37]-[40], impedance learning [41]-[49],
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model predictive impedance control [50], and other related
control methods [51]-[57] have been studied in recent years.
Most of the AIC methods developed previously are based on
the framework of the conventional model reference adaptive
control (MRAC) method. It is well known that the MRAC
method requires a complete nonlinear dynamic model to
construct the key nonlinear structure: that is, the regressor.
When the nonlinear terms of an uncertain dynamic system are
hard to fully express, the regressor constructed by the
traditional MRAC method will deviate from the dynamic
behavior of the actual system. This will not only lead to the
deterioration of the efficacy of the closed-loop system, but also
result in the corresponding non-adaptive asymptotic controller
not necessarily stabilizing [58]. To overcome the issues with
using the linear parameterization assumption often made when
using the conventional MRAC method, some researchers have
used neural networks [34],[56], support vector machines,
Gaussian mixture models and reinforcement learning [49]
methods to generate the nonlinear dynamic model of robotic
systems online. This class of MRAC method can generally
provide uniformly ultimately bounded (UUB) stability.

Since the main application of impedance controlled robotic
systems is for interactive operations, the optimal impedance
adaptive control [51] and the unified motion/force/impedance
control [57] methods have also been studied with consideration
of the uncertainty of the environment. The optimal impedance
adaptive control method proposed in [51] was established
based on the output feedback adaptive dynamic programming
method. The unified motion/force impedance control method
proposed in [57] uses the recursive least squares law to estimate
the environmental characteristic parameters and determine the
dynamic trajectory adaptation based on solving the constrained
optimization problem online. Since these methods need
completely online iterative optimization, they are difficult to
apply to the real-time control of the multi DOFs robot systems.

Besides interactions with the environment generally, AIC
has also been studied to improve the performance of HRPI
systems, such as haptic interfaces [41], exoskeleton robots
[4]-[7], [19]-[20] and rehabilitation robot systems [8]-[11]. In
these applications, the environment faced by the robot system
includes a part of the human body. The main control
performance goal of a HRPI system is that the movement of the
robot should adapt to the movements of the human’s hand or
limb. Therefore, this class of HRPI system is generally a
time-varying impedance control system, which includes
leader-follower variable impedance control systems, in which

the HRPI systems are usually dominated by human interactions.

In these systems, such as a rehabilitation robotic system, the
role of the human limb and the robot is uncertain, with one
periodically supporting the other. As such, in a controlled HRPI
system like this, leader-follower roles need to be adjusted
accordingly. However, even now, the control of HRPI systems
with unspecified leader-follower roles is still challenging; the
necessary experimental and theoretical developments are not
yet sufficient.

Aimed at physical interaction systems without specified
leader-follower roles, this paper studies the design of the CAIC
law, as well as its application in the control of the RAPMs. The
main contributions of the paper can be summarized as:

(1) For unknown linear systems, a new design method of the
AIC law is proposed. The adaptive control method
presented in this paper allows the adoption of a regressor
with a new structure. This overcomes the limitation of the
conventional MRAC method, of which the corresponding
non-adaptive asymptotic controller is not necessarily stable.

(2) A design methodology for coordinated AIC (CAIC) with
unspecified leader-follower roles is proposed for
controlling the RAPMs. The presented CAIC method can
not only overcome the irregular antagonistic forces caused
by the kinematic model uncertainties of a RAPM (see
Section VI and the Experimental Video 1), but also provides
a new solution for the real-time control of a manipulator
with super redundant DOFs (see the Experimental Video 2).

(3) The presented CAIC law is validated through a 2-DOF
parallel mechanism actuated by three steel wires, with
comparison of the performance of the system with the pure
kinematic control. The high bandwidth and adjustable
output performance of the RAPMs under the CAIC method
have also been demonstrated (see Section VI).

The rest of the paper is organized as follows. Section II
introduces the dynamic models of the experimental platform.
Section IIT presents the AIC method for a class of uncertain
linear systems. The design method of CAIC is presented in
Section IV. Some numerical simulation results for illustrating
the selection method of control parameters of the closed-loop
systems are provided in Section V. In Section VI, we present
the experimental results. Conclusions are summarized in
Section VII.

II. THE DYNAMICS OF THE EXPERIMENTAL PROTOTYPE

The experimental platform used within this paper is a
parallel mechanism element of a snake-like manipulator [60]
(see Fig.1), which is a 2-DOF parallel mechanism with a central
support.

Feature
@Collisio '

Collision with
environment

Linear » -
stage Mockup

. environment

Fig.1 An example working model of a snake-like manipulator for the
small-entrance & narrow-space operation. Note: due to the unexpected
features of the confined space and low kinematic accuracy of the system,
snake-like manipulator is easy to be collided/contacted with the environment,
seen the enlarged view

Moving Disc

X
0 Fixed Disc

¢

Fig. 2 Schematic diagram of the mechanism element of a snake-like
manipulator.
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The schematic diagram of the mechanism is shown in Fig. 2.

The moving and fixed platforms of the parallel mechanism are
connected by a universal joint and driven by three steel wires,
which are equally spaced around the circular discs. Where,
6, and 6, are the joint angles of the center hinge, /; ,i=1,2,3 are
the effective lengths of the driving steel wires. Two coordinate
frames og —xpy9zg and o] —x;y;zj are attached to the center of
the two discs respectively, as shown in Fig. 2. The
homogeneous transformation matrix from the moving
coordinate frame oj—x;yz; to the fixed coordinate frame

0y — XoVoZo can be written as

cO —sOs6) —sOcl, —LsGcb,
701 _ 0 ct -56, —Ls6, (1)
i sO  cOst, cbcl Lcbcbr+L
0 0 0 1

where c(-) and s(-) denote the trigonometric functions * cos ”” and

“sin respectively, L is the length of a half of the cross hinge,
which has a symmetric structure, and the radius of the discs
isR .

Due to the large number of DOFs (usually greater than 20)
and their corresponding actuators of snake-like manipulators, it
is difficult to maintain the desired real-time performance when
using the traditional control laws [12]-[13]. At the same time, to
avoid the irregular increase of the internal forces of the RAPMs
(caused by parasitic feedback effects because of the inaccuracy
of the kinematic model), this paper investigates the coordinated
control method of the RAPMs with unspecified leader-follower
roles of the actuators. Therefore, in the following we need to
establish the dynamic model of a single segment of the parallel
mechanism [61], as shown in Fig.3. The dynamic model of a
single segment can be written as

MI; +Dl; +Kl; +G=F,j +F,; +F;, i=123 )

where M , D and K are the uncertain mass, damping and
stiffness of the 1-DOF system respectively; G is the uncertain
gravity; Fp,; and F, are the unknown external load and
damping force, respectively, and /; the effective length of the

steel wires, which are also the controlled variable; u; = F; is the

actuation force. If ¢; =1; — lid is defined as the length error of the

steel wire, then the desired closed-loop impedance system can
be presented as

(a) Movin
8 F, E.
- disc “ <
Cable2 e || Tr~—0— .
Universal Cable 1 ;
o 2 | o
Cable 3 G
Fixed
disc

Fig.3 Mechanical model of the 2-DoF manipulator: (a) is the structure of the
2-DoF segment with 3 driving cables; (b) is the mechanical model of a typical
driving cable.

Mé; +Dé; +Kej = Fy;, i=123 3)

where M , D and K are the desired inertia, damping and
stiffness respectively. As a second order linear system, the
impedance parameters (M,K,D) of the desired dynamic system

(3) can be determined by the pole assignment theory. When the
desired impedance system (3) is stable, it follows

that/? =0 and i =0 . Then from (2) and (3) we will have
Apéi+Apéi+Age =—KI —G+F;, i=123 (4)
where Ay =M-M , Ap=D-D and Agx =K-K . We define
x=¢ and x, =ke; +¢; , where k>0a constant, and #; = F; . Then
the dynamics (4) is expressed as
X1 =—kxy +xp
Sy = —k2xy +hory %)
—Aj,l[ AD(—kxl +x2)+AKx1 +KZ,~d + G]+ A}l,l[ui
where ie{1,2,3}. For the clarity, the uncertain system (5) can be
rearranged as following normal form
=k +xy Xy = o +o(x) @ (6)
where o e®® and @, e are the unknown parameters, which
are given by

o ~Aqy (Klﬁ’ + G)
o =| o |=| -k +kdyAp - Ag |, and @, = A3y (7
13 k+ AT\,IIAD
respectively, while the vector ¢(x)eR’ is given by

P =1 x x].

Remark I: The uncertain system (6) can be regarded as a
second-order linear system with unknown disturbances
o(x)Tw, and unknown control direction @, . If a control law

u;(t) could be designed to ensure that the unknown disturbance

o(x(t) Yoy (t) is uniformly bounded, then the closed-loop system

of the system (6) is globally asymptotically stable at the

equilibrium by correctly selecting the desired impedance

parameters M , K and D . In other words, the position error

satisfies lim ¢;(t)=K "'F,; while lim &;(¢)= lim ¢;(r)=0 when the
t—0 t—>0 t—o0

impedance parameters are properly chosen according to the
pole assignment theory.

Remark 2: When the error dynamics (4) is transformed into
the state space equation (5), the state variables are defined in a
non-traditional manner, namely, x=¢ and x, =ke;+¢; . This
makes proving proposition 1 in the next section more
convenient. In actuality, for the uncertain linear system (4), the
adaptive control law presented by Proposition 1 is still feasible
under the conventional definition of the state variables
x=¢ and xy=¢ [58]-[59]. This is because if the systems
%1 = x5,% =—Kx| — Dx, are taken as the target closed-loop system,
it will be globally asymptotically stable by reasonably selecting
the feedback parameters (K,D) , when the control law () is

designed so that the uncertainty term ¢(x)" @y in (6) is uniformly
bounded.
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III. THE AIC LAW FOR SINGLE ACTUATORS
In order to establish the update law of the estimated value of
the unknown parameters w; and @, of the uncertain system (6),
we construct the following two smooth functions

B =71fy? o, 1)y ®)
Bo(x,é1) =72 [ [Exl +Dy+o(x1. ) (@ + By (xl,z»]iz ©)

where :[a")lT,a")z}T is the estimation of the unknown

parameters o= [a)lT,wz’ I]T , 71 and y; are two positive constants.
We define the following two error signals with regard to the
estimation and the unknown parameters

= -0+ A (%) (10)

=iy -my' + Bolx.dn) (11)
then the following result can be presented.
Proposition 1: For the uncertain system (6), applying the
following adaptive control law
. -1
e _(HM] [M(_kxl )20 g +BXZ)J (12)

6(2) 6x1 XD

=—(&>z+ﬁz<x,&>1))(1?x1 +Dxy + () (dy +ﬂ1(x))) (13)

where g= [ﬁlT , ﬁzr with the constants ;>0 and y,>0; [ is the
identity matrix, and k>0 in (12). Then the closed-loop system
(6),(12),(13) is globally stable at equilibrium (x,®)=(0,®) and
lim x(¢) = 0 holds.
{—>0
Proof. Let z:[le ,zz]r be the estimation errors, which are

given by (10),(11), the time derivative of estimation errors z
can be written as

z :[l+mja§+m(—kxl +x2)
o Bxl

aﬁ(X) (

(14)
i~ ()" 21+ () (@ + By <x>))

By simultaneously adding and subtracting the term
%(}le +sz) in the right-hand side of (14), it follows that
x)
z :[1_,_%(:“)](34_%(_/“ xz) 'B( ) (le +Dx2)

Ox:

E (15)

ﬂ(:) (le +Dxy + oy —p(x) " 21 + ()T (61 + By (x)))

Let the sum of the first three terms of the right-hand side of (15)
equals to zero, namely

[1+%]a§+%(7hl+xz) oB(x )<le+sz) 0 (16)
X1

(2]

then the update law (12) can be obtamed from (16), while (15)
follows that

3ﬂ( P (R, + Dy )
aﬁ (x) B (s~ () 21+ 0T (i + 1Y) 0
By applying (8) and (9), note that
P = gt (18)
aﬁ%’;‘;’lh ” [I?xl +Dxy +(x) " (dn + <x>)] (19)
and define

-1
O(x, ) :{ i op (x)/f% } (20)
@y 0Py (x,d1)[0x)

then by substituting (18)-(20) into (17), one obtains

Z'=A<1>(x,a31){ o) 21+ oy + 73" L2 “’”} @1
oxy
where A= [2 071} . By using (11) and the control law (13),
()

then (21) can be simplified as

2 =—AD(x,d0)D(x, ) 2 (22)
Consider the function U(z)=z"A"!z , whose time derivative
along the system (22) satisfies

Uz)= 72(®(x, )’ z)z <0 (23)
which means z(¢) € L, and d)(x(t),&)l(t))Tz(t) €L, . Note that the
closed-loop system (6),(12),(13) can be represented as

X =—kq+xy,  Xp= —(I?xl +Dx, )— O(x, @) z (24)
This is an asymptotically stable linear system perturbed by a
bounded signal ®(x,é;)" z e L, . For the extended system (22) and
(24), if we select the following Lyapunov function
V(x,z)= Exlz + x% + B_IU(Z)
then the time-derivative of it along the extended system (22)
and (24) can be given as
V(x,2) = —kKx{ —2Dx3 — 2x,®(x, ) " z—2D ! (CD(x, )" 2)2
= kKx? -D*3-D “(cb(x,a}l)T z)z (25)

2
_(\/fxz +\/5_1<I)(x,031)sz <0

Thus, the extended system (22) and (24) has a globally stable
equilibrium at the origin (x,z)=(0,0) , while the closed-loop
system (6),(12), (13) has a globally stable equilibrium at
(x,@) = (0,w) . By LaSalle’s invariance principle, all trajectories
of the closed-loop system converge to the invariant set

Q:{(x,z)ei}izx‘)?4:x:O,CD(x,cf)l)Tz:O} (26)
Therefore, the condition lim x(s)=0 holds. This completes the
t—0

proof.

Remark 3: 1t should be mentioned that, by constructing the
smooth functions g (x) and S,(x,@) , a dynamic system for the
estimation errors z can be established (14). This also enables us
to establish the update law (12) for the adaptive control system
based on (16). This novel approach should be compared to the
classical MRAC approach, in which the estimation errors (10)
and (11) with g;=0 are only guaranteed to be bounded and

converging to certain unknown constants, while the transient
behavior of the closed-loop system may be unacceptable.
However, for the closed-loop system (24) with the adaptive
control law (12), (13), the disturbance term cD(x(t),cBl(t))Tz in the
closed-loop system (24) is uniformly bounded, satisfying the

condition cD(x,c?)l)TzeLz . Therefore, when the time tends to

infinity, the disturbance term cD(x,c?)l)TzeLz tends to zero, and
the behavior of the motion of the closed-loop system of the
uncertain system (6) gradually tends to that of the following
asymptotically stable linear system:

Xl = —kxl + X7, )‘Cz = —]?xl - BXZ (27)
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under the assumption that the control parameters (k, K,D)in (27)
are properly chosen according to the pole assignment theory.
Remark 4: 1t is worth mentioning that the coefficient matrix
1+0p(x)/0& in the update law (12) is always reversible since the
partial derivative term 8p(x)/éo only contributes to the
off-diagonal elements. In addition, it can be seen from the
target closed-loop system (27) that linear feedback —Kx; - Dx, is
just used in constructing the function (9). In practical
applications, other feedback forms can also be used to construct
the target closed-loop system to obtain better performance. This
shows that the functions (9) can be constructed flexibly. It can
also be seen from equation (22) that when the constant
coefficients y; and y; in functions (8) and (9) take larger values,
it accelerates the convergence of the estimation error z(¢) . This
enables the reduction of the settling-time of the target
closed-loop system (24), which is advantageous for the
practical application of the developed adaptive control law (12)
and (13). This point should also be compared to the classical
MRAC approach, where the control gains of the update law
does not necessarily speed-up the response of the closed-loop
system, since the update law in MRAC approach is generally
designed to cancel out the terms about the estimation errors in
the time derivative function of a Lyapunov function. However,
in Proposition 1, the update law is designed to make the

perturbation term uniformly bounded, i.e., CD(x,&)l)Tz el,.

IV. CAIC FOR THE MULTI ACTUATORS OF THE RAPMS

A. The coordination constraints

The AIC method directly provides a feasible way for
compliant and coordinated motion control within the actuation
space of a parallel mechanism. The general constraints that
should be satisfied by the coordinated motion of the multiple
actuation systems include the internal force constraints and
associated motion constraints. For a RAPM with
m independent actuators, the force constraints of the actuators
can generally be expressed as

S (Fetss Fom) <To(?) (2%)
where Ty(1) e RO is the given wrench, and F,, is the external load
of the i-th actuator. The associated motion constraints can
generally be expressed as

Py ly) =0(0) (29)
which includes both the kinematic constraints, and the task
constrains of the RAPMs, where ©() denotes the given
trajectories, which can be specified either in the configuration
space or the operation space of the RAPMs, /,---,1 express the

controlled variables of a RAPM in its actuation space. For the
RAPM shown in Fig.3, the compound constraints of the
force-motion can be specified as

3
Y Fei < Fy(0)
i=1

Foi + Fpreload > 0,fori=1,2,3 (30)
3
> (RF,; )< 70(0)
i=1
pl,la.13) = ©G(1), 05 (1)) (31

where Fy() is the resultant force of the three steel wires; R is

the force-arm of the steel wires applying on the moving disc;
7o(t) 1s the output torque of the RAPM; 0(4;(1),6, (7)) is the given

joint space trajectory of the RAPM specified by given operation
tasks; p(l.5.5) is the corresponding trajectory in the actuation

space of the RAPM.

B. Coordinated impedance control of the RAPMs
For the given operation task constraints (30), (31), the target
impedance system is given by (3), and the external load F,; of

each actuator is bounded, then a set of appropriate impedance
parameters (M,D,K) can be selected to make the dynamic

system (3) globally asymptotically stable at the equilibrium.
Referring to the uncertain dynamic system (4), in which the
target impedance system is considered, the expected output
force of each actuator no longer explicitly appears in the
controlled system (4). Therefore, under the action of the
adaptive controllers (12), (13), even though the dynamics of
each actuation system is almost unknown, it can be
asymptotically stably controlled to its corresponding target
closed-loop system (27) as long as the given motion trajectory
is feasible. By reasonably selecting the control
parameters (k,D,K) , the target closed-loop system (27) is also

globally asymptotically stable for all actuators of the RAPMs.
Based on the above analysis, we can deduce the following
proposition:

Proposition 2: For the uncertain dynamic system (4), if the
given task constraints (30), (31) are feasible and each actuator
adopts the adaptive impedance control laws (12) and (13), the
coordinated control system (4), (12), and (13) is globally
practically stable.

Remark 5: The global practical stability here means that
since the coordinated control is implemented in the actuation
space of the RAPM, even if the position error e; of each

actuator is globally asymptotically stable, the error between the
actual motion and planned motion will still exist in the
inaccurate system kinematics model (31). The motion planning
errors cannot be eliminated by the coordinated motion control
in the actuation space of the RAPMs. However, in practical
applications, the motion planning errors are usually bounded,
and requiring the new approaches to be developed to reduce the
motion planning errors.

Remark 6: By implementing CAIC in the actuation space,
the internal antagonistic forces between the actuators of the
RAPMs can be effectively controlled. By properly selecting the
desired impedance parameters (M,D,K) of the desired

impedance system (3), the dynamic characteristics of each
actuator of the RAPMs at their equilibrium are similar to a
group of parallel passive mass-spring-damping systems. The
main reasons to obtain stable and compliant motion control are:
1) the impedance control is implemented for each actuator; and
2) the adaptive controller is adopted to overcome the
uncertainties of the system model. In particular, the adaptive
control laws (12) and (13) have been developed for the
unknown systems (4), thus the difficulty in establishing an
accurate dynamic model of the RAPMs can be effectively
reduced, while avoiding an irregular increase of the internal
antagonistic forces caused by any inaccuracies in the RAPM’s
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kinematic model.

V. NUMERICAL SIMULATIONS

In this section, the AIC system on a single actuator is
numerically simulated as a case study to investigate the
closed-loop performance of the controlled systems. Here it is
assumed that the mass of the mechanical model given by Fig.3
is M =5Kg , the damping in the model is D=100Nm/s, and the

equivalent stiffness is K =4x10°N/m . We also assume the initial
state errors of the controlled system (6),(12), and (13) are given
by (e;,¢;) = (0.025m,0m/s) ; the unknown gravity in the model is

G=-10N ; the unknown external load is F,(r)=5sin(20m)
+cos(10—z/9) N. When the feedback control parameters are
selected as (k,M,D,K)= (0,0.5Kg20Ns/m200N/m) , the

coefficients of the functions (8) and (9) are chosen as
(1,72)=(20,20) , and the initial values of the estimation

parameters are given by @0)=[0,0,0.0]" , a numerical simulation

result for the position stabilization of the single actuator are
illustrated in Fig.4.

Referring to the simulation results, it can be observed that in
the simulation period of 4 seconds, it is assumed that the
unknown gravity G always exists and the unknown external
load F,;(¢) appears between the second and third seconds (see

Fig.4(d)). It can be seen from Fig.4(a), when the unknown load
remains unchanged, the state responses of the system are
asymptotically stable; while when the external load changes,
the state responses are stable. Comparing Fig.4(a) and Fig.4(c),
it can be seen that when the estimation parameters are not stable
at the start stage (the first 0.5s), the state responses of the
closed-loop system have a certain fluctuation, and the
corresponding driving force (Fig.4(b)) also has a certain
oscillation. When the estimated parameters are stable, the
response of the adaptive closed-loop control systems (6), (12),
and (13) is similar to a passive spring. When a dynamically
external force is exerted, the system states will produce certain
position and speed errors to adapt to the changes of the external
force, so that the driving force of the closed-loop system is
always bounded.
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Fig.4 Simulation results of the AIC based control system for single actuator.
(a)State responses of the controlled system (6); (b) Driving force of the
controlled system; (c) The responses of estimation parameters; (d) Uncertain
gravity and the external load of the controlled system (6)

The passive spring-like character of the closed-loop
impedance control system makes it particularly suitable for the
coordinated control of multi-mechanical systems under

compound constraints associated with the force and position.
The adaptive control method gives the closed-loop system
exceptionally robust stability against the uncertainties of the
system model. Therefore, it is suitable for achieving motion
control of a RAPM in the actuation space. Even if inaccurate
motion commands are received from an inaccurate system
kinematics model, the AIC system can help the RAPM avoid
abnormal antagonistic internal forces and excessive/sudden
changes of the environmental contact force.

VI. EXPERIMENTS

A. Experimental prototype and the structure of the AIC law

In this paper, the CAIC law with the following structure is
used to control the RAPM prototype, which is illustrated in

Fig.5. Where, ¢/ () and 64 () are the given trajectories in joint

space, and lid(t) ,i=1,2,3 are the target movement trajectories in
the actuation space. The AIC law (13) gives the tension control
command u;(t) , which corresponds to the configuration

motion space of RAPM mechanism. £ is the given preload of

the i-th steel wire. The vector space of the preload forces is
orthogonal to the motion space of the parallel mechanism and
has no influence on the movements of the parallel mechanism,
but the preload force can be used to eliminate the clearances of
the transmission systems to improve the trajectory tracking
accuracy of the RAPMs, or to improve the output stiffness and
the load carrying capacity of the RAPMs. The sum of the
output «,(¢) of the AIC law and the preload forces are used as

the nominal actuation forces, and the errors between them and
the actual tensions of the steel wires are used as the error inputs
of the force-PID controller. The outputs of the force-PID
controllers are used to generate the PWM control commands
for the DC servo motors of the RAPM. The overall closed-loop
controller for the experimental prototype is in the actuation
space but with the double feedback of the force and position.

Fig.6 shows the 2-DOF RAPM experimental platform. The
parallel mechanism is driven by three DC servo motors (type:
Maxon-RE30). The transmission elements are constructed by
screw-nut pairs. The moving disc of the RAPM is driven by
three equally spaced steel wires. Each steel wire is equipped
with a tension sensor (type: AT8202, measuring range: 0-5kN).
The controller hardware of the experimental platform is based
on a NI myRIO-1900 control board (National Instruments
Corp.). The frequency of the FPGA-based control board is
40MHz. The control board has several encoder interfaces,
analog signal acquisition and digital I/O interfaces. The control
law of the experimental system is developed by applying
mix-programming of LabVIEW and MATLAB software. The
control command cycle used in the experiments is 10
milliseconds [62].

X0 ‘?’ Update Law
i 12 D
o4 0) (12) ()
Motion [0 i Adaptive
d
Planner |i=123 /¢ Impedance Ji
! Controller
1 (13)

5 (1) Force PID
iZ123 u‘f’(t) Controlle f

€;
r
| fi(1),i=1.23 T

Fig.5 The structure of the CAIC law
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The CAIC law illustrated in Fig.6 adopts a double-loop
structure, in which the position control is the outer loop, while
the force control is the inner loop. By adjusting the control
parameters of the double feedback loops, the controller can not
only realize position-based CAIC, but also realize the
tension-based CAIC. In Section 6C and Section 6D, the
corresponding experimental results are presented for the two
kinds of control tasks respectively.

To minimize the impact of the external disturbances (e.g.
creeping of the driving cable, static friction direction between
driving cable and guiding hole) on the 2-DOF manipulator, the
calibration procedure is repeated for each test, which can be
summarized as the following steps: 1) a cylinder (same
diameter with the manipulator and sliced into two symmetrical
grooves) is used to straighten the 2-DOF manipulator; 2) three
motors are driven synchronously to increase the tension of the
driving cables, aided with the real-time closed-loop controllers
to achieve the desired tensions (i.e., force sensors are attached
at the driving cables to feedback the real-time tension); 3)
cylindrical supports are removed after the desired tensions of
the driving cables is attained; 4) perform the planned motions
of upper platform with the help of the developed CAIC.

For the calibration of the multiple-DoFs manipulator (also
called a snake-line robot, see Experimental Video 2), a similar
procedure with the 2-DOF manipulator is adopted. The
difference is that a longer split support cylinder will be used to
straighten the manipulator prior to calibration. Then the
calibration procedure of the 2-DOF manipulator is repeated
(i.e., from base to tip) on all the sections to regulate the tension

of the driving cables to the desired values.

‘l NI myRIO based GUI

Force
sensor

]

—-—

L | Amplifier

Encoder

Fig.6 The experimental setup of the 2-DoF manipulator: (a) is the 2-DoF
manipulator; (b) is the structure of the universal joint actuated the driving
cables; (c) is the structure of the linear motor unit; (d) is the microprocessor for
implementing the developed algorithm; (e) is the actuation and sensor
components used in the system; (f) is the power supply; (g) is the
LabVIEW-based GUI design for the easy operation

B. Pure position trajectory control of the 2-DOF RAPM
Assuming the joint space trajectory of the 2-DOF RAPM is
given by
01() = ﬂsi'n(Zfrt/SO)/‘) (32)
6, (1) = msin(41/50)/9
the corresponding effective length of the steel wires can be
calculated by

L) = ,i=123 (33)

20 _ p20
P - Py’

i

where P{0 denotes the homogeneous coordinate of the fixed

point 4, of the i-th steel wire attached on the movable disc,

Py is the homogeneous coordinate of the passing point of the

i-th steel wire attached on the fixed disc. The two points are all
represented in the frame oj-xyy9zo . The homogeneous

coordinate of the point P{° is calculated by

=T T (34)
where Tuulo is given by (1), while P/;’il is given by
Rcos(¢ +27(i - 1)/3)
P20 Rsin(g+27(-1)/3) G35)

0
1

where R is the disc’s radius of the 2-DOF RAPM, ¢ is the
offset angle of the first steel wire with regard to the axis x, ,
while the spacing angle between adjacent steel wires are 27/3 .
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Fig.7 (a) to (d) are the joint space trajectories of the 2-DOF RAPM given by
(32), actuation space trajectories of the 2-DOF RAPM given by (33), position
trajectory errors of the 2-DOF RAPM in actuation space, and tension in the
steel wires in the 2-DOF RAPM in the position trajectory tracking task,
respectively.

The joint space trajectories of the 2-DOF RAPM given by
(32) are illustrated in Fig.7 (a). The corresponding actuation
space trajectories are shown in Fig.7 (b). For the PID controller
with just the position error feedback, Fig.7 (c) illustrates an
example trajectory tracking result by adjusting the feedback
parameters and the preload force (in this experiment, the
preload of the three steel wires is about 100N, respectively). It
can be seen from Fig.7 (c), besides the larger initial position
errors, the trajectory tracking accuracy of the experimental
prototype in the actuation space can be controlled
within £0.1mm . Theoretically, this position accuracy of the
steel wires relates to the joint angle error of about +0.15° (as the
length of the force-arm of the driving steel wires in the
experimental prototype is R=33.5mm ). Fig.7 (d) shows the
measurement results of the force sensors during the position
trajectory tracking (in this experiment, tensions are also
measured for comparison). It can be seen from Fig.7 (d) that the
tension of the three wires is greater than zero throughout the
time period of the given trajectory tracking task. This indicates
that there is no slack in the driving wires. However, as shown
by Fig.7 (d), the tension of the three steel wires experiences
several jumps. With the repeat experiments and in-depth
analysis, we believe that the tension jump is caused by the
Coulomb friction in the transmission system of the
experimental prototype. By comparing Fig.7 (b) to Fig.7 (d), it
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can be seen that the tension jumps normally occur at the local
vertex of the wires’ position trajectories. At these points, the
direction of the steel wires’ movement will switch to the
opposite direction, causing hysteresis effects in the tension of
the steel wires due to the Coulomb friction of the transmission
system.

C. Position based CAIC of the 2-DOF RAPM

Whilst using the CAIC control law shown in Fig.6, the
control parameters of the adaptive impedance controller are set
with larger values in this experiment than previously.
Specifically, it is set with (K,D)=(170170) ; the feedback
parameters of the update law are selected as (y,7,) =(20,20) ; the

initial values of the uncertain parameters &' (0)em*,i=1273 are

[
1

given as (0,0,0,300)" , where the superscript “i” represents the i-th
actuator. We also set the PID control parameters of the force

feedback loop to smaller values (klf ,k}; ,kj )=(0,10,0) . In this

experiment, the preload of the three steel wires is also set to
about 100N.

Applying the CAIC in the actuation space of the parallel
mechanism, each motor of the parallel mechanism actuates the
steel wire to track the trajectory shown in Fig.11. In other words,
the motion constraints are given by (32) and (33), while the
force constraints are given by

3

> F,; <500N

i=1

Foi + Fpreloqd > 10N for i=12,3 (36)
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Fig.8 (a) to (c) are the position trajectory errors, tension of the steel wire,
and outputs of the position-based CAIC law of the 2-DOF RAPM under
position-based CAIC, respectively.

The obtained position trajectory tracking errors are shown in
Fig.8 (a). It can be seen that the effects of position tracking
errors are close to the result presented by Fig.8 (b). By further
comparing the tension trajectories shown in Fig.8 (b) and Fig.7
(d), it can be found that the tension trajectories of the steel wires
under the two control modes are similar. This reveals that the
mechanical characteristics of the transmission system of the
parallel mechanism are not regulated when the position
trajectory accuracy is the main control target. It can also be
observed from Fig.8 (c) that, in the process of position
trajectory tracking, the outputs of the position-based AIC laws
are continuously adjusted at high frequency in order to achieve

the high position trajectory tracking accuracy, so that the
parallel mechanism shows high output stiffness.

D. Tension based CAIC of the 2-DOF RAPM

In this experiment, the CAIC control law shown in Fig.6 is
also adopted. The motion constraints (32), (33) and the force
constraints (36) stay unchanged. In order to improve the motion
performance of the parallel mechanism, the control parameters
of the adaptive impedance controller are taken as a set of
smaller values (K,D)=(0.1]) . The feedback parameters of the
update law are still set as (y,,7,) = (20,20) , and the initial values

of the uncertain parameters &' 0)en*,i=123 are also set
as (0,0,0,300)7 . The parameters of the force PID controller are
set as a group of larger values (k] ,k}.k])=(0.00440015) . The

obtained position trajectory tracking errors are shown in Fig.14,
while Fig.9 (b) illustrates the tension trajectories of the steel
wires and Fig.9 (c) plots the output trajectories of the
osition-based CAIC law.
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Fig.9 (a) to (c) are the position trajectory errors, tension of the steel wire, and
outputs of the position-based CAIC law of the 2-DOF RAPM under
position-based CAIC, respectively.

By analyzing the experimental results, it is not difficult to
find that, by adjusting the relevant feedback parameters of the
CAIC control law, the fluctuation ranges of the AIC law’s
outputs can be greatly reduced (see Fig.9 (c)), the variation in
the tension of the steel wires is reduced (Fig.9 (b)), and the
tracking accuracy of the position trajectory is actively adjusted
to adapt to the external loads (Fig.9 (a)). Thus, the output
stiffness of the RAPM can be actively adjusted by the
developed CAIC control law, enabling the system to have
improved motion performance. By comparing Fig.9 (b) and
Fig.8 (b) it can be found that the Coulomb friction effects
shown in the position-based control task have disappeared in
the tension-based control task. This reveals that the RAPMs can
exhibit good force interaction responsivity with the
environment, whether that include human beings or otherwise,
whilst maintaining a given motion trajectory. In addition, it is
worth pointing out that, with these dynamic characteristics, the
RAPM can also have the capability to compensate for the HRPI
or robot-environment physical interaction. In terms of potential
applications, this complements the control mode presented in
section 6C.
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VII. CONCLUSION

In order to improve the performance of conventional
snake-like robots (characterized by super redundant DOFs) to
adapt to external interactions, a new kind of CAIC has been
developed and adapted to RAPMs in this paper. With the newly
developed control algorithm and the corresponding
experimental results, the innovations can be summarized as
follows:

1) A new method for designing the AIC law is proposed for
uncertain second order linear systems, and the global
asymptotical stability of the closed-loop system has been
analyzed. By constructing two integral functions associated
with the system state and estimated parameters, the update
law of the estimated parameters is established. Instead of
using the error cancellation method, the error management
method is used to construct the adaptive control law, so thata
major limitation of the conventional MRAC method is
overcome.

2) A CAIC scheme with unspecified leader-follower roles is
proposed for the control of the RAPMs. The presented CAIC
law is verified by a set of experiments on a prototype 2-DOF
manipulator that is actuated by three equally spaced steel
wires. The performance of the system under pure kinematic
control and the CAIC methods are compared and analyzed.
The high bandwidth and adjustable output performances of
the RAPMs under the CAIC method have been
demonstrated.

3) Compared with pure kinematics control, the proposed CAIC
method can not only realize the motion coordination control
with accurate position as the main target with high-precision
tracking performance (in our experiments, motion tracking
errors of +0.1 mm is achieved), but also achieve motion
coordination control with force output as the main target, so
that both the internal and external interactive forces can be
controlled within a smaller fluctuation range. Meanwhile,
uncertain Coulomb friction effects can be removed from the
force transmission characteristics of the RAMPs with our
developed algorithm.

The CAIC method proposed in this paper aims to realize the
real-time control of snake-like robots (see Experimental Video
2), where the motion coordination control is normally executed
in the actuation space of the RAPMs, resulting in difficulty in
correcting/compensating for the errors generated by motion
planning. To solve this problem, a practical global stability
method is developed for CAIC systems.

Methodologies for designing globally asymptotically stable
CAIC system are worth studying as a next step. Extending the
method for designing the AIC law, as proposed in this paper, to
nonlinear systems is also a challenge/worthy investigation for
the future study. In addition, constructing finite-time stable
[33],[54] CAIC laws for human-machine interaction systems is
also an interesting research topic.
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