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ABSTRACT

In physical human-robot interaction (pHRI), the identification of inertia and damping matrices in
the dynamic admittance model is still an open problem. Besides, the natural interaction is rarely
considered in previous studies while it is crucial to obtain the effective cooperation. To this end,
a fuzzy-based admittance controller is presented, in which the end-effector’s velocity is adaptively
adjusted via the external wrench and transmitted power without the identification of inertia and
damping matrices. Besides, this fuzzy-based admittance controller also guarantees the natural coop-
eration between human and robot. Unfortunately, there is no formulated linkage of the fuzzy sets
with the natural linguistic term semantics. As a consequence, human experts must utilize the order
relationships between the terms of interest when formulating the fuzzy rule-based knowledge of
the fuzzy controller. This paper presents an alternative admittance controller for pHRI based on an
algebraic approach to linguistic hedges in fuzzy logic to overcome the existing shortcomings of
previous admittance controllers. In addition, this paper also considers end-effector’s full degree of
freedom to guarantee the natural human-robot interaction. The proposed admittance controller is
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experimentally evaluated on a teaching task set-up using 6-DOF manipulator.

Nomenclature

TCP tool center point
|u] Euclidean norm of vector u
<u,v> Dot product of vectors u and v

1. Introduction

Due to the huge interest in safe human-robot interac-
tion, the ISO-10218 safety standard was proposed in
2011 by the International Organization for Standardiza-
tion to define the safety requirements for an industrial
robot [1]. As pioneers, Benjamin Navarro et al. presented
an ISO10218-compliant adaptive damping controller for
safe physical human-robot interaction (pHRI) in [2].
However, after all the efforts to overcome the safety issues
in pHRI, the identification of inertia and damping matri-
ces is still an open problem as this work is usually time
consuming and cannot be obtained analytically. Besides,
the natural cooperation between humans and robots is
rarely of concern yet it is crucial to obtain the effective
cooperation. In other words, the full DOF of cooper-
ation is not considered to help operators feel naturally
during the cooperation and to implement complicated

tasks requiring the change of angular velocity of end-
effector such as a teaching manipulator to grasp objects
or to follow the welding path. These problems also exist
in previous studies, for example [2-7].

By virtue of the human-like inference mechanism,
fuzzy logic has been researched and applied success-
fully to many engineering problems [8-17]. This obser-
vation encourages Toan et al. who presented admit-
tance controllers for safe human-robot interaction based
on the inference mechanism of fuzzy logic [18,19]. In
those studies, the end-effector’s velocity is adaptively
adjusted by an applied force (measured by a sensor
mounted on the end-effector) and power transmitted by
the robot without the identification of inertia and damp-
ing. Besides, the safety issue based on ISO10218 standard
and natural human-robot interaction is also guaranteed
[19]. Unfortunately, fuzzy logic cannot adequately sim-
ulate human language in nature since there is no for-
malized linkage of fuzzy sets with the natural linguistic
term semantics. This drawback limits not only the ability
of fuzzy sets in modeling natural language but also the
performance of the designed controllers. Moreover, the
fuzzy base is formulated incoherently using membership
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functions, composition of fuzzy relations, and defuzzifi-
cation which may lead to errors.

By contrast, hedge algebras (HA) were proposed as an
algebraic approach to the natural structure of semantic
domains of linguistic variables in which linguistic val-
ues construct the semantic constraints to help linguistic
terms avoid transfiguration during the handling of data.
This property of HA provides experts with opportuni-
ties to discover the order relation of linguistic terms and
term domains. Here, the designed fuzzy sets of terms
are linked with their semantics which is interpreted as
the inherent ordered-based structure. By doing this, the
HA terms reflect natural linguistic properties precisely
which makes the inference mechanism of the rule base
to become more understandable. Furthermore, the fuzzy
rule base is identified as a mathematical model using an
HA-term transformation and Semantically Quantifying
Mappings (SQMs). Herein, SQMs of HA are functions
used to calculate the semantic values of HA terms based
on the fuzziness measure. As a result, the fuzzy rule base
can be defined as a real-grid-surface in Cartesian coor-
dinates in which one fuzzy clause can be defined as a
point in the Cartesian product of suitable HA. This real-
grid-surface performs the semantic relationship among
linguistic terms in the physical terms [20-23]. In engi-
neering problems, this surface demonstrates the rela-
tionship among semantic values of inputs and outputs.
It is clear that the semantic value of outputs can be
obtained using an interpolation method on this real-grid-
surface. Another difference in comparison with the infer-
ence mechanism of fuzzy logic is that the SQMs directly
map the inputs’ physical values to the semantic domain
[0, 1]. Then, the outputs’ semantic values are obtained
using an interpolation method on the real-grid-surface.
Therefore, to receive the physical values of outputs, their
semantic values are just needed to map from [0, 1] to
their physical domain. These properties give favorable
conditions to apply HA to solve engineering problems in
general, and control problems in particular, for example
in [24-30].

This paper proposes an alternative admittance con-
troller for safe natural human-robot interaction based
on the previous works in [18,19]. The proposed con-
troller is formulated by using HA, whose purpose is to
discover the inherent ordered-based structures of the
terms and term domains of linguistic variables. This
approach also gives favorable conditions to reduce com-
plexity during the controller-making-process by elimi-
nating the membership functions, composition of fuzzy
relations, and denormalization during the inference pro-
cess. Instead, simple interpolation and mapping methods
are used in the inference mechanism of HA. This makes
the inference mechanism of the rule base to become more
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understandable and also reduces errors in data process-
ing. The proposed HA-based admittance controller adap-
tively adjusts the end-effector’s velocity using the applied
wrench and power transmitted by the robot. Besides,
the safety issue based on ISO10218 standard and natu-
ral human-robot interaction is also guaranteed. To our
best knowledge, HA-based admittance controller is now
firstly proposed for human-robot interaction.

The rest of this paper is organized as follows. In
Section 2, a description of conventional admittance
model and safe constraints for natural cooperation is pre-
sented. Then a fuzzy-based admittance controller for safe
natural human-robot interaction is presented in Section
3. In Section 4, a brief background of HA is presented,
and an admittance controller based on HA is proposed.
Next, the proposed HA-based admittance controller is
applied to a teaching task which uses a 6-DOF manip-
ulator. The experiment is also implemented in several
other scenarios to evaluate the performance of the pro-
posed method in comparison to previous methods. The
last section presents the conclusions of the research work.

2. Conventional admittance controller
2.1. Conventional admittance dynamic model

The admittance dynamic relationship between the end-
effector’s velocity and the applied forces by a human is
expressed as:

Bu(X —Xg) + Dip(x —Xg) + Kpn(x —x9) = H, (1)

where x and x = [v! w'] are the actual tool center point
(TCP) pose and velocity, x4 and x4 X4 are the desired TCP
pose and velocity, respectively, By, is the desired iner-
tia, Dy, is the desired damping and Ky, is the desired
stiffness. The external wrench H = [F M”] is the input
to the admittance controller, which is external force and
torque applied by human. In other words, the human
is a part of the controller and it is exceedingly difficult
to model the dynamics exactly. To measure the human
efforts, a real-time force/torque sensor is mounted on the
end-effector of the manipulator. However, it is mandatory
to subtract the external forces/torques which are non-
human efforts, such as gravity and inertia of the tool. For
this issue, the gravity and the inertia force of the tool are
calculated in its frame based on its weight and the cen-
ter of mass. Then, the gravity and the inertia force of the
tool are transformed to base frame of the manipulator
by using transformation matrices. Similarly, the external
forces/torques applied by human are also expressed in the
base frame. By doing this, the actual external force/torque
affected by human and the gravity and inertia force of
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tool are distinguished. As a result, the movement of the
manipulator just depends on human efforts.
K, is set to zero as no restoring force is desired, hence:

Bmiad + Dmxad =H, (2)

where X7 = (X — X4), and it is affected by the external
wrench.

The virtual inertia has a negligible effect on cooper-
ation although it is suggested that it should be adjusted
proportionally to the damping for stability issues. Nor-
mally, the inertia and damping gains are pre-tuned by an
operator, depending on the damping effect in each direc-
tion individually. Therefore, it is difficult to consider the
requirements of safety in every DOF in the interactive
space to guarantee the natural pHRI. Furthermore, it is
time consuming to identify a suitable damping matrix in
(2). This observation raises the need to calculate directly
the end-effector’s velocity, without identifying the inertia
matrix and damping matrix.

2.2. Safety and natural cooperation analysis

As a crucial issue in pHRI, safety must be considered
carefully to avoid unexpected accidents between robots
and operators when sharing the work place. In this study,
the requirements of the ISO10218 standard are qualified
to cover the safety issue. To guarantee the ISO10218 stan-
dard [1,2], the force and torque must be expressed in
the base frame; they are also used to calculate the power
transmitted by the robot. The transformation matrix
from the TCP frame to the base frame is expressed as:

B
B _ | Rr 03

where BR7 is the rotation matrix between the TCP frame
and the base frame.

The requirements are defined in ISO10218 standard as
follow:

[F| = /F2+ F2 + F2 < Fy, (4)
VI=/VE+V;+VZ<Vu, (5)

P = (*TrH,%) = °F, V' + °F,V}! + PF, V2
+ M WE +EM W+ PMWE < Py, (6)

where Fp;, VM, and Py are the maximum external
force allowed, the maximum linear velocity allowed,
and the maximum transmitted power allowed, respec-
tively. Vf‘, V;‘, V?, W)‘?, W}‘f‘, and W? are the measured
velocity.

To guarantee safe cooperation, the dynamical rela-
tionship in (2) has to avoid inferring the constraints of

the ISO10218 standard. Although the ISO10218 standard
focuses uniquely on the translation components of exter-
nal force F and linear velocity V, the rotation components
of external torque M and angular velocity W should be
considered to generate natural cooperation [19]. Their
effect must be suitable with the effect of translation com-
ponents to get smooth cooperation, then the rotation will
be determined based on |V| and [M|. To do this, we also
need the condition:

M| = /M + Mj + M2 < My, (7)
Wl = /W2 + W2+ W2 < Wy, (8)

where My and Wy are the maximum external torque
allowed and the maximum angular velocity allowed. My
and Wy are chosen based on V) and Fy as:

My = Fyl, 9)
V;
Wiy = TM (10)

with L is the the length of tool in TCP frame.

3. Fuzzy-based admittance controller

Similar to the method in [18,19], the output of the fuzzy-
admittance controller is the velocity of the end-effector
including linear velocity V and angular velocity W. The
inputs are the external wrench (including external force
F and external torque M) and the power transmitted by
the robot P. However, in the core of the fuzzy-admittance
controller, |F|, [M|, |V|, |W|, and P are used during
data processing as the constraints (4)-(8) of the safety
standard are used to determine the physical domain,
demonstrating linguistic variables.

The fuzzy relation between inputs and the output is
chosen so that the gradient of velocity changes gradu-
ally even though the external wrench changes suddenly.
Based on [31], the five triangular type membership func-
tion is used for fuzzification of |F|, |M|, | V|, [W]|, and P,
as presented in Table 1 and Figure 1. In Figure 1, FL; is
the fuzzy set of each linguistic variable which is deter-
mined by base set X;. Min and Max are the minimum
and maximum values allowed for |F|, [M|, | V|, |[W]|, or
P, respectively. Here, Max is Fy1, Vi, M, or Wy which
are identified as in the constraints (4)-(10) for inputs and
outputs, respectively. Min is zero for all inputs and out-
puts as the Euclidean norm of the vector is used for safety
constraints. These values are chosen based on the safety
requirements of specific situations. When the values of
Max are large, manipulator reacts faster in its cooperation
with the human.



Table 1. Linguistic values used for fuzzification.
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Figure 1. Five triangular type membership function for
fuzzification.

Table 2. Fuzzy rule base, with inputs are |F| and P, output is |V|.

IFI
\i P z PS PM P PB
z z PS PS PM PM

PS PS PS PM PM P

PM PS PM PM P P

P PM PM P P PB

PB PM P P PB PB

To guarantee natural cooperation, both translation
and rotation components should be considered. How-
ever, it is important to understand that errors in rotation
are much more significant than errors in translations.
Therefore, translation components should be calculated
first. Then, rotation components should be considered in
relationship with the translation components so that it
guarantees smooth cooperation. Here, the value of | V| is
calculated through |F| and the power transmitted by the
robot, P, using the fuzzy rule base in Table 2. Then, the
value of |W]| is calculated via |V| and |M|. The relation-
ship between |V|, M|, and |W] is presented in Table 3,
and the objective is to generate smooth cooperation (|W]|
does not change too fast, but it has to respond to the exter-
nal torque timely). Using the relationship between the
end-effector’s velocity and external wrench and power
transmitted by the robot as presented in Tables 2 and 3,
the identification of the damping matrix is avoided.

To infer the fuzziness of outputs, a composition oper-
ator must be used to measure the fuzziness of every fuzzy
clauses in the fuzzy rule base first. Then, they are inte-
grated to obtain the final fuzziness of the output. In this
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Table 3. Fuzzy rule base, with inputs are |[M| and |V|, output is
(W

M|
W \] z PS PM P PB
z z PS PS PM

PS z PS PS PM PM

PM PS PS PM PM P

P PS PM PM P P

PB PM PM P P PB

paper, the max-min composition is used. This composi-
tion is defined by (11) and (12) as follows:

w(pa, i) = min(pa, L), (11)
maup(x) = max{ua(x), up(x)}, (12)

As the obtained values after implementing the com-
position of fuzzy relations are the fuzziness of outputs, a
defuzzification is inevitable to map the fuzziness values to
the desired physical values. Based on [32], the centroid
defuzzification is chosen. In this approach, the physical
value is identified by the horizontal degree of center of
the region which is created by the horizontal axis and the
membership function pp (x), shown as

[ xpp (x)dx
S

/

T Tapmdx =
S

As mentioned in Section 1, the fuzzy approach consists of
some shortcomings, which relate to the inference mech-
anism of the fuzzy logic. This analysis raises the need to
use an alternative approach to improve the performance
of the admittance controller.

4. HA-Based admittance controller
4.1. Background on HAs

HAs were developed to discover the inherent order-based
structures of terms and term domains of linguistic vari-
ables which helps the semantic relationship of terms and
term domains approach to the inference mechanism in
nature. From this viewpoint, every term-domain of a
linguistic variable X can be considered as an HA,AX =
(X,G,C,H, <) [20-24].

- (X,<) is an order-based structure, where X C
Dom(X) is a term-set of a linguistic variable X; and
< is an order relation on X.

- G = ¢, ctisasetof generators, where ¢ is the
negative primary term and c* is the positive primary
term, with ¢~ < c+.
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- C =0, W, 1 is the set of fixed points, satisfy-
ing 0 <¢c"<W<c¢t<1, where 0, 1 and W stand for
the least, the greatest, and the neutral term in the
structure (X, <), respectively.

- H = HU I where H={H ,H"} is a set of
unary operations representing linguistic hedges of
X in which H™ = {hj: —g <j < —1} and H =
{hj : 1 < j < p} stand for the set of negative and pos-
itive hedges, respectively; where g is the number
of negative hedges and p is the number of positive
hedges. If the hedges are characterized by h € H, we
have:

e hem <cT,andhc™ >c¢c ifheH™
e het > cT,andhc <c ifhe HT

I, regarded as an artificial hedge, is the identity of X,
hence Ix = x, VxeX. This definition is presented to sim-
plify and/or unify the formulation of certain formulas
and statements [23]. By doing this, x € Hj(x) is always
valid, where Hj(x) is the set of all terms of AX, gen-
erated from x using hedges in Hj. In the case of x =
hos . .. ,thhj_l, ...,hic, wherece GU Cand hj

€ H with j = 1,..., m, the hedges hy, ..., hj have no
effect on Ih;_i, ..., hic. Therefore,

x=hm,...,hjlhjfl,...,hlc=hj71,...,hlc, (14)
Besides, the order relation of all terms in Hj(x) can be
performed:

o Ifh# k (h,k € Hy), and hx < kx, then W'hx < K'kx,
Vh/,k/ € Hy

e Ifh € Hy, hx < x,then W'hx < x, VW' € Hj

e If hx = x, then x is a fixed point

e If x¢ Hi(y) and y ¢ Hy(x), then x and y are
independent.

By virtue of Hy and GUC, the terms are generated as

X = H;(CUG) = CUH;(¢7) UH;(ch),
{0} <H;(c7) < {W} <Hp(ch) =< {1},

(15)
(16)

The semantic structure of AX is based on definitions
of the fuzziness measure and SQMs.

4.1.1. Fuzziness measure

The fuzziness values of an element t always belong to [0,
1] VT € X, which is calculated by a given fuzziness mea-
sure, denoted as f,,(t) [20]. It is clear that f,,(t) = 0 if
T is clear i.e., f;,(0) = fiu(W) = fn(1) = 0. Several spe-
cific properties of fuzziness measure can be performed as
shown in (17)-(22), where h is a hedge and 7 is a fuzzy

value.

fm(hx) . fm(hy)

= , Vx, X, h e Hy, 17
) ) oy € he (7
fm(ht) <fm(7), VT € X, (18)
Fn(hT) = (W)fin(), VT € X, (19)

where u(h) are commonly called the fuzziness
parameters of X.
If ¢t and c- are two primary terms in X, then

fn(€®) + fue) =1,
Zherm(ht) :fm(f), vVt e X,

(20)

(21)
Recursively, for x = hp, ..., hic € X, where c € G,

> k) = 1and fou(x) = pCtm)fon(xlm)

heH

= M(hm) cee M(hl)fm(c)> (22)

where x|,y = hp_1, ..., hicis the m™ - suffix of x.

4.1.2. SQMs

Using f,, as a fuzziness measure function of X, semanti-
cally quantifying mapping v: X — [0, 1], combining with
fm> is determined as [21]:

V(W) =6 = fu(c), (23)
v(cT) =0 — afu(c) = Bfm(c), (24)
v(cT) =0 + afu(ch), (25)

v(hjx) = v(x) + Sgn(h;x)

j
D fuhix) —ohix)fn(hix)}),  (26)
i=5gn(j)
where
1

w(hjx) = S[1+ Sgn(hjx)Sgn(hphj—12) (B — )], (27)
jel-q<j<pj#0t=I[—-q...p] (28)

-1

Z nh) =«

i=—q

and

witha, 8 > 0Oanda + 8 = 1.
Sgn is the sign function of hedges and terms.
sgn(ct) = +1 and sgn(c) = —1 as ¢t and ¢~ possess



the positive tendency and negative tendency, respectively.
Based on the effect of hedges on the terms of X, sgn(h) =
+1ifh € H and sgn(h) = —1 if h € H™. In addition,
given the action effect of hedges, one hedge may have a
relative sign with respect to another: sgn(h, k) = +1 or,
sgn(h, k) = —1, depending on whether h strengthens or
weakens the effect tendency of k. Now, for a point which
is not fixed, also has a sign defined by:

sgn(x) = sgn(hm, hm—1) . . . sgn(hy, hy)sgn(hy)sgn(c)
VX:hm...I’llc, (29)

The meaning of the sgn function is that:

o Ifsgn(hx) = +1, then hx > x
o Ifsgn(hx) = —1,then hx < x

4.2. HA-based admittance controller

To construct HA controllers that solve the mentioned
engineering problems in existing admittance controllers,
the following scheme which includes three main tasks
should be conducted:

e Identification of HA-terms: the ordinary linguistic
labels of the fuzzy rule base are converted into HA-
terms; whose purpose is to perform the linguistic
variables in the order relation.

e Quantifying the rule base: the rule base is converted
into a real surface in the Euclidean space using SQMs.
This surface demonstrates the relationship between
the semantic values of inputs and outputs.

e Control algorithm and denormalization: a control
algorithm is formulated to solve the given control
problem and adjusting the term semantics. Then, the
semantics of outputs are denormalized to physical
values based on a mapping method.

As an inheritance of the fuzzy-admittance controller
and the described HA scheme, an HA-based admit-
tance controller is formulated to solve the existing prob-
lems and improve the performance of the admittance
controller.

First, to determine the linguistic rule base for the HA-
based admittance controller, the HA for all linguistic
variables of |F|, M|, |V| and |[W| must be identified to
constitute a suitable transformation of linguistic labels
into the respective HA terms. In general, the HA of lin-
guistic variables can be facultative. However, they are
assumed to be similar in this paper to perform their rela-
tionship in a unified form. Then, the similar sets G, C,
and Hj for all HA are chosen as follows:
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e G ={S,B},wherec™ = S,andc¢™ = B.Sand B stand
for Small and Big, respectively.

e C={0,W,1}, where 0, W, and 1 are fixed points,
known respectively as the least, the medium, and the
greatest terms of the determined HA.

e H; = {L,V}U{I},whereh~ = L;h* = V,withLand
V stand for Little and Very, respectively.

Given the defined sets, the linguistic hedges S and V
of G combine with generators L and V of H to create
whole term-set X of every HA of linguistic variables in the
linearly ordered relation,X = {0, VS, LS, W,LB,VB, 1}.
Then, the fuzzy-terms of |F|, [M|, |V|, and |W| are con-
verted into HA-terms based on a term transformation
as presented in Table 4. Here, the term-transformations
should reserve the order relations and opposite mean-
ing of terms. It is noticed that the term-set X in every
HA of |F|, M|, |V|, and |W] is defined similarly, which
means that the semantic relationship and semantic val-
ues of HA terms of the linguistic variables may be similar.
However, the semantic values of HA terms of |F|, |[M]|, | V|,
and |W]| just perform their semantic relationship individ-
ually as their physical domains are different. Therefore,
by mapping their semantic values to their real physical
domain, we observe different values for different inputs
and outputs. This is similar in the fuzzy controller where
the linguistic values of inputs and outputs are similar,
but their physical domains are different. Next, the fuzzy
rule base for |V| and |W]| in Tables 2 and 3 are trans-
formed into the HA rule base as presented in Tables 4-6.
As mentioned earlier, the semantics of HA terms belong
to the domain [0, 1], and therefore, the points 0 and 1 are
used in the HA rule base as semantic bound for interpo-
lation methods and to avoid the loss of the data during
processing.

Table 4. Term transformation of the linguistic values.

For FL - z PS PM P PB
For HA 0 VS LS w LB VB

-

Table 5. HA rule base, with inputs are |F| and P, output is [V].

IFI
V| P 0 VS LS w LB VB 1
0 0 VS VS LS LS w w
VS VS VS LS LS W w LB
LS VS LS LS w w LB LB
w LS LS w w LB LB VB
LB LS W W LB LB VB VB
VB W w LB LB VB VB 1
1 W LB LB VB VB 1 1
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Table 6. HA rule base, with inputs are [M| and |V|, output is |W|.

M
W V| 0 Vs LS w LB VB 1
0 0 0 Vs Vs LS LS W
Vs 0 Vs Vs LS LS W w
LS Vs Vs LS LS W W LB
w S LS LS W W LB LB
LB LS LS W w LB LB VB
VB LS w w LB LB VB VB
1 W W LB LB VB VB 1

As G uniquely consists of two primary terms S and B,
and the effect of S and B on L and V of H to create HA
terms are similar, the fuzziness of the primary terms and
hedges are measured through (17) to (22) as:

Jm(§) =0 =05u(L) = uV) =05 — «
=B =0.5and f,,(B) = 1 — f,,(S) = 0.5.

Besides, H just includes two linguistic hedges, and there-
fore we haveq = l,and p = 1.

Now, the SQM is used to calculate the semantics of
HA terms, whose purpose is to identify the mathemat-
ical model of the HA rule base. Based on Tables 5 and
6, and (23) to (29), the HA rule base of |V| and [W]|
in Tables 5 and 6 is transformed into the semantic rela-
tionships as presented in Tables 7 and 8. The semantic
relationship between |F|, B and | V| in Table 7 defines the
super surface in Euclidean space as shown in Figure 2.
The semantic relationship between |[M|, |[V|], and |[W| in
Table 8 defines the super surface in the Euclidean space
as shown in Figure 3.

Table 7. The semantic relationship of |F|, Pand |V]|.

0.5 T
o([F|) :

Figure 2. The real-grid-surface describes the semantic relation-
ship between |V|, |[F| and P.
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06
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02 i
ol /05 (V)
0 T ——— e /:'
0.5 —/0
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Figure 3. The real-grid-surface describes the semantic relation-
ship between |W|, |M| and |V|.

Finally, an interpolation is used to approximate the
semantic values of |V| and of |[W| through the seman-
tic relationships among inputs and outputs in Tables 7
and 8. Normally, the product operator and the average
operator are used to approximate the semantic values

IF|
V]| v(0) =0 v(VS) = 0.125 v(LS) = 0.375 v(W) = 0.5 v(LB) = 0.625 v(VB) = 0.875 u(l) =1
P v(0) =0 0 0.125 0.125 0.375 0.375 0.5 0.5
v(VS) = 0.125 0.125 0.125 0.375 0.375 0.5 0.5 0.625
v(LS) = 0.375 0.125 0.375 0.375 0.5 0.5 0.625 0.625
(W) =05 0.375 0.375 0.5 0.5 0.625 0.625 0.875
v(LB) = 0.625 0.375 0.5 0.5 0.625 0.625 0.875 0.875
v(VB) = 0.875 0.5 0.5 0.625 0.625 0.875 0.875 1
u(l) =1 0.5 0.625 0.625 0.875 0.875 1 1
Table 8. The semantic relationship of |[M|, |V| and |[W|.
M|
\]] v(0) =0 u(VS) = 0.125 v(LS) = 0375 (W) =05 v(LB) = 0.625 v(VB) = 0.875 u(l) =1
V]| v(0) =0 0 0 0.125 0.125 0.375 0.375 0.5
v(VS) = 0.125 0 0.125 0.125 0.375 0.375 0.5 0.5
v(LS) = 0.375 0.125 0.125 0.375 0.375 0.5 0.5 0.625
v(W) = 0.5 0.125 0.375 0.375 0.5 0.5 0.625 0.625
v(LB) = 0.625 0.375 0.375 0.5 0.5 0.625 0.625 0.875
v(VB) = 0.875 0.375 0.5 0.5 0.625 0.625 0.875 0.875
u(l) =1 0.5 0.5 0.625 0.625 0.875 0.875 1




of outputs. However, these operators easily cause loss of
data as they transform the super surface to a 2-D curve
before interpolation. This observation raises the need
to use the four-point bi-linear interpolation [33] as this
method directly uses the 3-D super surface, especially
this real-grid-surface is square grid. By doing this, the
risk of errors is reduced, the software implementation is
simplified, and the interpolation mechanism is easier to
understand. Until now, only the semantic values of out-
puts |V] and |W| are known. To receive their real physical
values, their term semantics is mapped from [0, 1] to their
individual physical domains.

4.3. End-effector’s velocity

Instead of directly using the values of [V| and |W], six
components of velocity are determined. As the value of
each element of the external wrench directly affects the
value of each element of velocity, we use [V| and |F| to
calculate the velocity’s translation components, and |W/|
and |M| to calculate the velocity’s rotation. The velocity’s
elements of end-effector can be calculated by (30)-(31):

Tl o =0
Wi | M1 (31)
! 0 M =0’

where j indicates the direction of x, y or z axis.

4.4. Stability considerations

In pHRI, the human uses haptic and visual feedback
from the plant to regulate their actions. Therefore, the
human is part of the controller and it is exceedingly
difficult to model and prove the overall stability of the
system. In previous admittance controllers, the imposi-
tion of the dynamic admittance model is the relation-
ship between the external force and the end-effector’s
velocity. In other words, the linear velocity of the end-
effector only depends on the translation elements of the
external wrench, and the angular velocity of the end-
effector only depends on the rotation elements of external
wrench. As a consequence, it can lead to a large jerk
during the cooperation if the external wrench changes
sharply. Experimental studies on the impedance control
[34] showed that the robot could present unstable behav-
ior with very low virtual damping and high virtual inertia
of stiff environment. It is suggested that the human arm
has a maximum impedance [35] that occurs when the
human increases the stiffness of their arm. Normally, to
prevent the instability of the human-robot system for
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conventional admittance controller, the virtual inertia
during the cooperation is constant and equal to half the
effective inertia of the manipulator in the direction of the
motions. The effective mass By is expressed as:

B, (@) = J(@M (@) (q), (32)

where M € R%* is the mass matrix of the manipulator’s
configuration space, B; € R%* is the effective mass in the
frame, and J is the Jacobian matrix.

By contrast, the stability and accuracy of fuzzy-based
and HA-based controllers mainly depend on the expert
knowledge-based rule base. As analyzed in [36], the
fuzzy controller can be stable and ensure the accuracy by
choosing a good fuzzy rule and physical value domain of
appropriate input and output variables. Furthermore, the
mathematical foundation given by HA seems to form a
new approach to solve fuzzy control problems, which is
quite different from that based on the fuzzy sets. It has
been shown that the HA-based controller causes smaller
errors and, moreover, it can bring the controlled object to
a stable state, while the controller based on other methods
cannot. This point is clearly analyzed in [37,38].

In addition, to avoid the direct map from external
forces/torques to linear/angular velocities, the proposed
admittance controller uses additional input which is
transmitted power in comparison with previous admit-
tance controllers. This input is a combination of external
wrench and actual velocity, calculated by formula (6). In
this paper, the natural human-robot interaction is also
considered. It means that the velocity of end-effector and
external forces include both linear and angular elements.
Normally, the rotation elements have bigger effects on
the stability and accuracy than translation elements since
a small change of the rotation can lead to a big error.
This observation raises the need to create a relationship
between linear velocity and angular velocity to guarantee
the smooth cooperation. Based on this point, the linear
velocity is calculated first based on translation elements
of external wrench and transmitted power, then angular
velocity is calculated based on linear velocity and rota-
tion elements of external wrench. As shown in formula
(6), the values of transmitted power depend on Vj_j,
Wi_1, F, and M. It is clearly seen that the values of trans-
mitted power will not change sharply even when exter-
nal wrench changes dramatically. Based on rule bases in
Tables 2 and 5, the values of linear velocity will not change
suddenly. Similarly, the values of angular velocity will also
not change suddenly based on the relationship between
|[W| and |M| and |V]| in Tables 3 and 6. This helps to
reduce the jerk during cooperation between the human
and the robot. This point also can be clearly shown in the
experimental results.
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5. Estimation
5.1. Set-up

The proposed HA-based admittance controller is evalu-
ated by a teaching task set-up using a 6-DOF manipulator
in which a real-time force/torque sensor is mounted at
the end-effector. This set-up is shown in Figure 4 where
the blocks work as elements of a distributed system. First,
the client on the computer sends the desired assign-
ments of the operator to the master controller via the
TCP/IP protocol. Then, based on the received assign-
ments from the computer and the data from the real-time
force/torque sensor, the master controller processes and
sends the control commands to slave controllers (the cir-
cle time Tcom = 1ms). These slave controllers are used
to control motors at the joints of the robot. The CAN
protocol is used for communication between the mas-
ter controller and the real-time force/torque sensor, and
the circle time to send and receive data is 1 ms (Tcan
= 1ms). To guarantee the requirements of the ISO10218
standard, the maximum values allowed of |F|, |V|, and P
should be given. In this paper, these values are set to Fy
= 120N, Vy = 0.12m/s, Py = 15W,and L = 0.058 m
(note that the tool is the part which is attached to real-
time force/torque sensor and operators hold this part to
cooperate with manipulator).

5.2. Control framework

The workflow of the experimental set-up is shown in
Figure 5. At each iteration, the admittance controller
calculates the velocity of the end-effector based on the
external wrench and power transmitted by the robot.
Depending on the scenario, the admittance controller

PC (Windows) TCP/IP Master Controller
Z
®)]
i /
Operator Physw_al Force/Torque
Interaction Sensor
Motor 1 > Slave Controller 1
Motor 6 > Slave Controller 6

Figure 4. The system interface for human-robot interaction.

l ) P .

Transmitted — Admittance | Vet Inverse
Power Controller Kinematics

Qref +_

é

Human-Robot PID
F.M Tiferactive Controller
Forces/Torques (tar

Figure 5. Workflow of human-robot interaction system.

can be the proposed HA-based admittance controller,
fuzzy-based admittance controller or the conventional
admittance controller. The desired joint velocities of the
manipulator are calculated using inverse kinematics with
the Jacobian method. Finally, the joints of the manipula-
tor are controlled by PID method to follow the desired
values. In this experimental set-up, the manipulator pas-
sively moves based on human effort.

\

o
\

Manipulator

b 2

"L. '!;vt

F/T Sensor

—

1
rm

B Master
23l Controller

p—

/

==

Figure 6. Experimental set-up for teaching tasks, the operator
pushes and pulls the end-effector to some desired positions. The
manipulator then memorizes these desired positions for later
work. This can be applied to set the positions for object pick-up
tasks.



5.3. Implementation

The experiments of the teaching task for the manipulator
are conducted as shown in Figure 6 where the operator
pushes and pulls the end-effector to some desired posi-
tions. The manipulator then memorizes these desired
positions for later work. This can be applied to set the
positions for object pick-up tasks.

In this study, the teaching task consists of three stages:
first, the end-effector moves to the position of an object
(I), then the end-effector moves to the desired target posi-
tion (II); and finally, the end-effector moves back to the
initial position (III).

As mentioned before, this experiment is conducted for
several different scenarios using the proposed HA-based
admittance controller, fuzzy-admittance controller and
the conventional admittance controller. Their compari-
son verifies the performance of the proposed controller.

Table 9. Estimated errors of admittance controllers.

Method HA FA AD
Mean (%) AlV| 339 402 545
AlW| 10.88 12.45 13.68
Mean  (mm/s) [Vierr — Vil 0.48 0.56 0.85
(rad/s)  |Wis1 — Wyl 0.0076 0.0092 0.0126
FI (N) Max 83.42 83.18 75.70
Mean 53.82 54.84 47.68
IM] (N m) Max 1.58 1.58 2.1
Mean 0.62 0.56 0.59

Notes: HA is the HA-admittance controller, FA is the fuzzy-admittance con-
troller, AD is the conventional admittance controller. |F| is the norm of
external force and |M| is the norm of external torque. The error and the
step of velocity obtained from HA-based admittance controller are smallest
compared to other controllers.
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The manipulator reacts differently depending on the
person who participates in the human-robot coopera-
tion as the interaction is affected by human factors. This
raises the need to implement experiments with a group of
different persons. In this paper, the experiments are con-
ducted by a group of 10 persons, of which 8 are men and 2
are women, and their age ranges from 23 to 55 years. Each
person cooperates with the manipulator to serve a simi-
lar teaching task in three different scenarios, as discussed
next.

5.4. Results

To estimate the accuracy of controllers, the percentage
error in (33) is used.

measured velocity - calculated velocity

x 100%,

(33)
The results are presented in Table 9, and Figures 7-10.
In Table 9, HA represents the HA-admittance controller,
FA is the fuzzy-admittance controller, AD is the conven-
tional admittance controller, with experimental damping
gains 0f 3.33, 5,3.33,0.33, 0.5, 0.33. The units of measure-
ments are Ns/m and Nms/rad for translation damping
gains and rotation damping gains, respectively. The hori-
zontal red lines in Figures 7-9 are the maximum allowed
values of the norm of linear velocity.

The obtained results show that the proposed HA-
based and the fuzzy-based admittance controllers give
favorable conditions to avoid instability during the coop-
eration even when the external wrench is suddenly

calculated velocity
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Figure 7. Experimental results obtained HA-based admittance controller, (a) external force |F| (N), torque magnitude |M| (N m) and the
transmitted power P (W); (b) tool linear velocity |V| (mm/s), here the horizontal red line is the maximum allowed values of the norm of

linear velocity; (c) tool angular velocity |W| (rad/s)
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Figure 8. Experimental results obtained from fuzzy-based admittance controller, (a) external force |F| (N), external torque |M| (N m) and
the transmitted power P (W); (b) tool linear velocity |V| (mm/s), here the horizontal red line is the maximum allowed values of the norm

of linear velocity; (c) tool angular velocity |W| (rad/s)
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Figure 10. The variation of end-effector during teaching task, (a) the variation of linear velocity (mm/s), (b) the variation of angular
velocity (rad/s). Here, AD is conventional admittance controller, FA is fuzzy-based admittance controller, and HA is hedge algebras-based
admittance controller. HA-based admittance controller is found to provide better velocities compared to other controllers.

changed. This can be clearly seen in Figure 10 where
obtained results from conventional admittance controller
include some peaks, whereas there is no peak in the
results from fuzzy-based and HA-based admittance con-
trollers. Furthermore, based on Table 9, it is easy to
see that the HA-based admittance controller is the most
accurate and its inference mechanism is much easier
than the inference mechanism of the fuzzy-based admit-
tance controller as it eliminates the use of the member-
ship functions, the composition of fuzzy relation and
defuzzification. The mean of velocity step for each admit-
tance controller is presented in Table 9; for the pro-
posed HA-based admittance controller, the linear veloc-
ity step is 0.48 mm/s and the angular velocity step is
0.0076 rad/s whereas the linear velocity steps are 0.56 and
0.85mm/s and angular velocity steps are 0.0092 and
0.0126 rad/s for the fuzzy-based and conventional admit-
tance controllers, respectively. In addition, for the pro-
posed HA-admittance controller, the percentage errors
of linear velocity and angular velocity are 3.39% and
10.88%, respectively. These percentage errors increase
4.02%, 5.45%, and 12.45%, 13.68% for the fuzzy-based
and conventional admittance controllers, respectively.
The applied values of the external wrench in every DOF
in the interactive space are always constrained based on
the ISO10218 standard to guarantee safe and natural

pHRI. Therefore, the velocity of the end-effector always
belongs in a safe domain even when the external wrench
is larger than the allowed value.

6. Conclusions

This paper proposed an admittance controller based on
an algebraic approach to linguistic hedges in fuzzy logic
to eliminate the identification of inertia and damping
matrices. In the proposed controller, the end-effector’s
velocity is adjusted directly through the external force
and the robot’s transmitted power. Besides, natural
human-robot cooperation and the safety issue based on
ISO10218 standard are considered. Furthermore, this
controller overcomes several limitations of the fuzzy-
admittance controller, namely avoiding the use of the
membership function, composition of fuzzy relations,
and defuzzification in building the controller. By doing
this, the inference mechanism of controller is much eas-
ier. Additionally, linguistic variables can be compared
with each other using the HA approach.
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