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Abstract

Human-robot interaction tasks have seen an increased interest in recent years, leading to the need for new proposals both for
the design of new robotic systems and for their control and security schemes. In this regard, this work proposes a first approach
to impedance control for robot manipulators with bounded inputs which aims to achieve safe human—robot interaction. The
proposed scheme has a nonlinear proportional—derivative structure with compensation (PD-+) based on the robot model, makes
use of generalized saturation functions to generate bounded control actions, and includes an external torque compensation
term based on the user’s electromyographic information. One of the main advantages of this proposal is that the human-robot
interaction is defined in the joint space, which avoids singularities, since the robot works within its natural coordinates and
the torque applied by the user is estimated at a joint level. The advantage of the novel control scheme can be demonstrated by
the stability analysis of the closed-loop system equilibrium point, as well as by comparative analysis of the simulation results.

Keywords Bounded inputs - Impedance control - Lyapunov stability - Robot manipulator

1 Introduction

Robotic manipulation systems are very popular in differ-
ent types of applications [1,2], mainly in industry; however,
nowadays other areas such as medical services are taking
advantage of these systems in human—robot interaction tasks
[3]. Among the main medical applications are rehabilitation
and assistance due to the repetitive nature of the therapies,
and because the recovery progress of a patient is directly
related to the quality and quantity of the repetitions carried
out during the therapy process [4].

Furthermore, research into the design of control algo-
rithms for robot manipulators has been in constant develop-
ment during recent decades. However, many of these control
algorithms assume that robotic actuators can provide any
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force/torque value, which is impossible in practice since actu-
ators can only supply up to a maximum torque value and
generate movement up to a maximum speed [5]. In human—
robot interaction tasks, if the actuators operate outside such
limit values, the robot could harm the human user or itself.
Therefore, for reliable and safe human-robot interaction, it
is important to design control schemes that ensure closed-
loop stability and the generation of bounded control actions
considering the saturation effect of actuators.

In order to solve this problem, various control struc-
tures with bounded actions have been proposed, such as
output feedback proportional-integral—derivative (PID)-type
schemes for global position stabilization, saturating PD+
control schemes for trajectory tracking, saturating PD-type
controllers, among others [5—7]. These control schemes have
been efficiently used for unconstrained motion tasks; never-
theless, most of the robotic systems used in medicine are in
direct contact with a patient [8—10]; therefore, constrained
motion control techniques are required to regulate human—
robot interaction.

One of the main techniques to regulate the constrained
motion of robot manipulators is impedance control. This
methodology relates position and velocity errors to con-
tact forces to generate adequate interaction dynamics by
changing the mechanical impedance of the manipulator and
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its environment [11]. Recently, some advanced impedance-
based schemes such as hybrid position/impedance con-
trol, variable impedance control for physical human-robot
interaction, or inverse reinforcement learning controllers
have been proposed [12—14]. Similarly, various adaptive
impedance control schemes have been proposed for inter-
action tasks where there is parametric uncertainty [15], such
as reinforcement learning control [16], visual guidance con-
trol [17], discontinuous force-based control [18], iterative
control and kinesthetic teaching [19], and finite-time con-
trol [20,21]. However, despite its adequate performance,
these schemes do not address the actuator saturation effect
and some omit the stability analysis or do not guarantee
global closed-loop stability. Other proposals such as [22-
24] avoid actuator saturation and consider bounded velocity
and acceleration, respectively; however, the structure of such
control schemes does not guarantee the generation of directly
bounded actions, but rather limits the range of selection of
control gains to achieve it, and this may compromise or limit
the correct performance of the system. Early interaction con-
trol approaches that ensure the generation of bounded actions
have made use of generalized saturation functions but have
focused on addressing the problem of regulation (position
control) through stiffness control [25,26], while our proposal
addresses the tracking or motion control (position and veloc-
ity control) in constrained space by using impedance control.

Most of the force/impedance control schemes are task-
space (Cartesian) controllers and use force/torque sensors
to estimate external forces and torques due to the robot—
environment interaction; nevertheless, this entails a mapping
from joint space to Cartesian space and may cause singular-
ities. In order to work in joint space and avoid singularities
in human-robot interaction tasks, we can employ the elec-
tromyographic signal (EMG) to reflect the user’s muscle
activation and movement intention [27]. This signal has
been effectively used in impedance control schemes as in
[28] where the EMG is employed to estimate impedance
parameters and a force/torque sensor is needed for calibra-
tion purposes, while in [29] the EMG is used to estimate
human force, but a force sensor is also used to train an artifi-
cial neural network. Recently, in [30] the authors proposed a
sensor-less impedance controller by using extended Kalman
filters; however, these EMG-based controllers do not allow
the generation of bounded control actions.

As far as we know, and from the literature review carried
out, control schemes proposed for human—robot interaction
tasks do not consider the physical limits of the actuators and
a stability analysis is seldom included. Most controllers work
in Cartesian space, so they are sensitive to singularities and
require force/torque sensors or estimators that measure user
intent in a more natural way. To overcome these limitations,
we present a joint-space impedance controller with bounded
actions that makes use of EMG to estimate the user’s joint
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torque during human—robot interaction. It should be noted
that the proposed scheme combines the main features of
the schemes presented in [7,31,32], including a nonlinear
PD+ structure based on generalized saturation functions for
impedance control and external torque compensation based
on EMG and the Hill muscle model. The correct performance
of the proposed control scheme is supported by a stability
analysis in the Lyapunov sense and numerical simulation
results in human-robot interaction tasks.

2 Preliminaries
2.1 Notation and Definitions

Let A € R"™ and y € R”, while A; is the ith row vector of
matrix A, A;; is the element of matrix A located in the ith
row and the jth column, and y; represents the ith element of
vector y. The origin of R” is denoted by 0,, and the n x n
identity matrix is represented as I,,. The Euclidean norm of
vectors and the induced norm of matrices are denoted by
Iyl = yTy and |A| = Amax{AT A}, respectively, where
Amax{AT A} is the maximum eigenvalue of matrix AT A.

Let C¥(-) be the set of k-times continuously differentiable
functions. Now, let { : R —— R be a continuously differen-
tiable scalar functionand ¢ : R — R be alocally Lipschitz,
continuous, scalar function, both vanishing at zero, i.e.,
£ (0) = ¢ (0) = 0. In addition, ¢’ represents the derivative
of ¢ with respect to its argument, i.e., £’ (¢) = 3¢ (¢) /0.
While the upper right-hand derivative of ¢ is given by
D¥y(s) = limsup, o+ [¢(s +h) — 9()]/h, Y5 € R,
thus ¢ (¢) = [; DT e (r)dr [33].

Definition 1 A nondecreasing Lipschitz continuous function
o : R — R bounded by M > 0 is a generalized saturation
function (GSF) if

(@) go(s) >0,Vs #0.

(®) lo(s)l = M,Vg e R.

(¢) In addition, if 6(¢) = ¢ when |¢| < L, for some 0 <
L < M, then o is alinear generalized saturation function
(L-GSF) for (L, M).

Furthermore, the function o satisfies the following properties
for a constant k > 0 [34,35]:

limj¢c|-oc DTo(g) = 0.
Jo), € (0,00): 0 < Do () <0y, Vs €R.

o2 (ks) 5 koy ¢
o = Jo o(kr)dr < =4 V¢ e R.

Jo o(kr)dr > 0,¥g #0.
Jo o (kr)dr — oo as ¢ — oo.
If o is strictly increasing, then
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a. slo(c+n) —o@m] >0,V #0,Vn e R.

b. 6(¢) = o(¢+a)—o(a)isastrictly increasing gener-
alized saturation function (SI-GSF), for any constant
a € R and bounded by M = M + |0 (a)|.

7. If o is alinear saturation for (L, M), then, for any contin-
uous function v : R — R such that |[v(n)| < L,Vn € R,
it holds that ¢[o (¢ + v(n)) — o (v(n))] > 0,Vs #
0,Vn € R.

2.2 Dynamic Model of Robot Manipulators

The Euler—Lagrange dynamical equation in joint space for
robot manipulators, with n degrees of freedom, is given by

H(q)§d+C(q,9)g+Fq+glg)=1t—7 )]

where ¢ € R", g € R", and § € R”" are the joint posi-
tion, velocity, and acceleration vectors, respectively. H(g) €
R™" C(q,q) € R and F € R™" are matrices of iner-
tia, centripetal, and Coriolis and viscous friction torques,
respectively. Finally, g(¢) € R", 7 ¢ R" and 7, € R™"
are vectors of gravitational, control, and external interaction
torques, respectively.

The following properties of the dynamic model (1) are
useful for further analysis [36].

Property1 H(g) and F are positive definite symmetric
matrices, even F is diagonal.

Property 2 For some constants y > u, > 0, H(q) satis-
fies wl, < H(g) < um Iy, Vg € R".

Property 3 For robots with only revolute joints, H(g) is
bounded on R"*" in such a way that || H;(¢)ll < wmwmi,
Vg € R" and nonnegative constants @y, i = 1,...,n.
Property4 C(q.q) and H(q.q) = <20 saisfy 7
[H(q.9)—2C(q.9)]¢ = 0 and actually H(q,q) =
C(q.9)+C"(q.4).V(g.4) € R" x R".

Property 5 The matrix C(g, ¢) satisfies C(w, x + y)z =
C(w,x)z+C(w, y)zand C(x, y)z = C(x,2)y,Vw, x, y, 2
e R,

Property 6 For some constant k. > 0, C(q,q) satisfies
ICGx, y)zll = kelyllllzll, ¥Yx,y,z € R". In addition,
there are nonnegative constants k.; such that |C;(x, y)z| <
keillyllzll, i =1,...,n,Vx,y,z € R?

Property 7 For some constants fi; > f;, > 0, F satisfies
Fullxll? < xTFx < fyllx]|?, Vx € R™. In addition, as F is
a diagonal matrix, there are nonnegative constants fjs; such
that |Fix| < fuillxll,i=1,...,n,Vx € R".

Property 8 For robots with only revolute joints, g(g) is
bounded on R" in such a way that |gi(g)| < By, Vg € R"
and nonnegative constants Bg;, i = 1,...,n.

Property 9 The left-hand side of the dynamic model (1) is
linear with respect to its parameters; therefore, it can be
rewritten as

H(q.0)qg+C(q.q.0)4+F©)4+8(q.0)=Y(q.4.4)0 (2)

where Y (g, ¢, §) € R"*? is aregression matrix and 0 € R”
is a constant vector of robot parameters. Now, let 635; > 0
be an upper bound of |6;], i.e., |6;] < Oy VI € {1, ..., p},
O = Omr, . Oup)T, and ©® = [—Oy1, 001 x -+ X
[—6p, Ompl, also let X and ) be compact subsets of R"; by
Properties 2, 6, 7, and 8, there are constants Bp; > 0 such
that |Y; (w, x, y)z| < Bpi,Vw € R", (x,y) € X x YV and
VzeO.

Assumption 1 For robots with bounded inputs, each element
of vector r isbounded by 7; > O,ie., || < T;,i =1,...,n.
Assume that

u;
1; = Tjsat (F) 3)

where sat(+) is the standard saturation function, i.e., sat(¢) =
sign(¢)min{|¢|, 1} and u; denotes the ith control signal.

2.3 External Interaction Torque Model

In order to model the torques generated by human-robot
interaction, the Hill-type muscle model is considered. Hill’s
model allows us to relate the muscle activity represented
by the electromyographic signal (EMG) to the muscle
forces/torques generated in a certain joint.

The EMG must be processed and conditioned before use
within Hill’s model. First, the signal amplitude (AEMG) must
be obtained and at least the following elements are required:
a) high-pass filter with cutoff frequency between 10 and 30
Hz, b) rectifier, and c) low-pass filter with cutoff frequency
between 2 and 10 Hz. Next, the maximum voluntary con-
traction (MVC) of the user must be obtained and the aEMG
using the MVC value is normalized [32].

Assume that m muscles are involved in the generation of
the ith joint torque, then the aEMG of each of these muscles
(agpmcj) is used to obtain the muscle activation given by

ekajaemaci() _ 1

aj; (t) = 4

ekai — 1

where j € {1, ...,m}, =3 < k4 < O represents the nonlin-
earity between neuronal and muscular activation. According
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to Hill’s model, the muscle-tendon force is obtained as

fmrj =fmaj + fupjlcosd; 5)

where 6; is the pennation angle of jth muscle fibers and

fmaj = fajfvjfmoja;j(t) (6)
fmpj = frjfmoj (7
are the components of active and passive muscle force,

respectively, with fyso; being the jth maximum (optimal)
isometric force and, according to [32],

h0j+h1jlj+h2jljz'v for0.5<1; <15

faj {0, otherwise
fvj=1 ©)
fpj = o107 =15 (10)

where /; represents the jth normalized muscle length and
hoj, h1j, and hj; are constant parameters that are chosen
according to the force—length curve adjustment algorithm
[37].

Finally, the joint torque is given by

m

wei =y furjri (1D
j=1

where i € {1, ..., n} and r; is the moment arm of jth muscle.

Assumption 2 The muscle torques are bounded and can be
modeled using GSFs in such a way that

Tei = Og; (ei) (12)
where o,; are linear SI-GSFs bounded by (L.;, M,;), Vi €
{1, ...,n}.

3 Impedance Control with Bounded Actions
3.1 Definition of the Control Problem

The impedance control approach presented in this paper cor-
responds to a generalization of motion control in joint space

by choosing a desired trajectory ¢4 (t) € R" while respecting
the following dynamic relationship:

q—qa=TF)T (13)
where
F(s) = [Hgs* + Dgs + Kg]™! (14)

Springer

with Hg = diaglhg, ..., hgyl, Dg = diagldgy, ..., dgn],
and Kg = diaglkg1, ..., kg, ] being positive definite matrices
of inertia, damping, and stiffness, respectively, and s repre-
senting the Laplace complex variable. Then, the impedance
error in joint space can be defined as

E£G—q. (15)

where ¢ = g —q4 € R" isthe position error and g, = F(5) 7,
represents an adjustment to the position or path to follow due
to robot—environment interaction.

Assumption 3 The reference trajectory to be tracked gg
belongs to Qs £ {ga € CP(R4:R") 1 1|4a(1)] < Bav.
lga (N < Baa,Vt = 0}

Assumption 4 The vector g, and its time derivatives ¢, and
g are bounded; then, there are nonnegative constants such
that |gei| < Bepis Igell < Bep, IGeil < Bevis llgell < Bey,
|Geil < Beai and ||Gell < Beq, respectively, and satisfying
that

kgi = M,/ Bepi (16)
hEi = Beai/Bevi (17)
dgi > 1.25kghEg; (18)

The control problem addressed in this paper is to achieve
an adequate robot—environment interaction while tracking
a time-varying trajectory without exceeding the maximum
torque limits of robot actuators. Therefore, the goal of our
impedance control approach consists of designing « in such
a way that

lim £ =0 (19)

t—00

i <T; (20)
Vt>0,i=1,..,n.
3.2 Saturating Impedance Controller
In order to control the robot—environment interaction while
respecting the saturation limits of the robotic system and

operating directly in the joint space to avoid singularities,
the following impedance control scheme is proposed:

u=—sp(Kp€) —sp(Kp&) +Y(q,Gn. 4n)0 + 1. (1)
where, according to Property 9,

Y(q,qn, 4n)0 = H(q,0)gn + C(q, qn, O)qn
+F(0)gn + g(q,0) (22)
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with gn = ga + ge and Gn = Ga + Ge; Kp = diaglkpy, ..., N Y B £

kpy]; and Kp = diaglkpi, ..., kp,] being positive definite Vit.§.8) = Eé H(q)§ +/0 sp (Kpr)dr

matrices of proportional and derivative gains, respectively, Ty KoE "
while 5p(X) = (@p1(X1). - 0pn(5,)7 and sp(x) = & H@se (Krf) @8)

(p1(x1), ooy 6pn (x2))" with opi(-) and op;(-) being
continuously differentiable GSFs bounded by M p; and Mp;,
respectively. In addition,

okt =

where k = max; {0}, ,,kpi}-

In addition, according to Property 9 and Assumptions 1-4,
and considering a robot manipulator with actuators to ensure
that |Yi(q, qn, 4n)6 + teil < T;, the controller (21)—(22)
produces bounded actions if M p; and Mp; satisty

Mpi + Mpi <T; — Bpi — Mei (24)
Vi =1, ..., n, where

Bpi = 1tmiBha + kei Bf, + futi Buy + By (25)
with B, = Bgq + Beq and Bpy, = Bgy + Bey.

3.3 Closed-Loop Analysis

By combining the robot model (1), the environment model

(12), and the control scheme (21)—(22), the closed-loop
dynamics (with abuse of notation) can be represented as

d 1§
dr | §
s .
— | #7'@ {=spKpB) = sp(Kpb) ~ [Clq. )

+C(g. )k — FE}
6)

where Property 5 has been considered. Now, under stationary
conditions &€ = & = 0,, we obtain that

—sp (Kp&) =0, 27)
Then, £ = é = 0y, is the unique equilibrium vector.

3.4 Lyapunov Stability Analysis

In order to analyze the stability of closed-loop equilibrium
vector, consider the following scalar candidate function:

where (isg (Kprydr = Y, fo& opi (kpir;)dr;. To
demonstrate that this candidate function is positive definite
and decreasing, the function (28) is rewritten as

_ - - 3
V(LS,S)ZVo(l,§,$)+(l—a)/0 sp (Kpr)ydr  (29)
where

- = l-T =
Vo(t,§,6) = ES H(q)§

g . i}
+a/ sp (Kpr)dr +eETH(q)sp (K pE)
0
(30)

with 0 < & < 1. Then, according to Definition 1 and Prop-
erty 2, Vo(t, § , §) is lower-bounded by

_ - 1 - _
Wo&.§) = 3 umlEl” + z%P””’ (K pE) |2

—epumlisp (KpE) INEI

_1 |:”SP (KPé) ”}T [ a/Bp —EMM]

2 Hl —€UM  [hm
y lIsp (1_(P§) Il 31)
&1

where fp = max;{op,,,kp;} and with

2

1>a>5 (32)
€1
€= |52 (33)
Wy Bp

if € < €1, Wo(é , é)‘ is positive definite. Also, note that
Wo(0,, &) — oo as [|&]| —>_ooi.
On the other hand, V (¢, &, &) is upper-bounded by

Wi (E, &)

1 =~ — - s
5MM|I€||2+/3PII§I|2+€MM/3PIISIIII§II
- T -
_ L[ &l [ Br euMﬁp] IE1| 4
2| &N | LenmBr mm IE|
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where again Definition 1 and Property 2 have been used.
Now, W, (§ , é ) is positive definite if

2 1
€< 35)
umBp
and as (tyr > W, then it is enough that again € < €.
Therefore,
Wi(.8) = V(1.§.8) = Wo(§, &)
3
+(1 —0()/ sh (Kpr)dr (36)
On

and we can conclude that V (¢, £, £) is a radially unbounded
positive definite and decreasing function.

Now, the upper right-hand derivative of (28) along the
trajectories of the closed-loop system (26) is

. R =T o 1-7T . L
V(t,§,6) =& H@E + 5§ Hg, q)E
+sT(KpE)E + esh(KpE)H (q)E
+eE" Hig, sp(KpE)
+e&" H(q)sp(Kpé)K pé
= gT {—SP(KPé) - SD(KD§)
~C(g. 4) + C(q. dn)lé — FE|
1-7T . s T _ .
+5& Hg, DE +5p(Kpb)E
+eETH (g, §)sp(KpE) + esh (K pE)
x {—sp<Kp§> — sp(Kpk)
~[C(q.4) + Clq. qn)é — FE|
+eETH(q)sp (K pE)K pE
— £ sp(Kpk)—E Clq. )k
&' FE — esT(KpE)sp(KpE)
—esp(KpE)sp(Kpé)
—€eET[C(q. %) +C. dn)lsp (K p€) B
—esp(KpE)FE — esh(KpE)C(q, gn)E
+e&T H(q)sp(KpE)K pé
where Property 4 was used. Then, by employing Properties

2,5,6, 7, and 8, Assumptions 3 and 4, and inequality (23),
V (1, , £) can be upper-bounded as

V(B E) < —F sp(Kpk) — Wa(E, B) (38)

where

Wa(E, ) = —keBuollE 2 + fullE12 + €llsp (K pE)I12
— excllsp(KpEIIIEN — ekeBpllE ]
— ekeBuollsp (KpIE]
— e fullsp(KpOIIIE]
— ekeBiollsp (KpIEN — eremBr €]

_ [nsp (ngﬁ»é) || T 0 [nsp (”1;;»5) “} 39

with Bp = />, M2, and

o € —€ (% + kcB;w)
)= .
—e (HM 4 keBiy) i — keBuy — €(ecBp + uBp)
(40)

which is positive definite if € < €; for

fm _kcBhv
K+ fu 2
k:.Bp + ,bLM,BP + ( 3 +kcBhv)

e = (41)

then, By < fin/ke. Thus,.by satisfying € < min{eq, €2}, we
can conclude that V (t, § , § ) < 0and the equilibrium point of
closed-loop (non-autonomous) system (26) is globally uni-
formly asymptotically stable.

4 Numerical Simulation

The validation of the proposed control scheme was carried
out by one numerical simulation test of a human-robot inter-
action task, where a comparative analysis of the performance
of our scheme and two controllers with a similar structure
was conducted. The interaction task implemented assumes
that the robotic system is coupled externally to a person’s
arm (simulating an exoskeleton) and the elbow rotation axes
of both are coincident. Initially, the robot has a predefined
desired trajectory and will have to adapt or modify its move-
ment depending on the active participation of the person, i.e.,
when the torque applied by the user is greater than zero.

For the implementation of controllers with bounded
actions, the following generalized saturation functions were
used:

on(s; M) = Msat(c/M) (42)
N ey
st ={5 0 el Sl @
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where

ps(s) = sign(¢)L + (M — L) tanh (%) (44)

4.1 Model of the Robotic Platform

The robotic platform used in simulation tests corresponds to
atwo-degree-of-freedom robot manipulator whose modeling
and dynamic parameterization were presented in [38]. The
robot actuators have as torque limit values 771 = 200 Nm and
T» = 15 Nm, respectively, while the corresponding positive
constants that satisfy Properties 2, 6, 7, and 8 are: u,, =
0.088 kg-m?, up = 2.533 kg-m?, upy1 = 2.526 kg-m?,
w2 = 0.213kg-m?, k. = 0.146kg-m?, k.; = 0.136 kg-m?,
koo = 0.084 kg-m?, f,, = fur = 0.175 kg-m?/s, fy =
Sfm1 = 2.288 kg~m2/s, Bg1 = 40.29 Nm, and By, = 1.825
Nm, respectively. Besides, for this robot, we have that

Y(q.4.9)
0 g1 0 ]
Q241 + d2)ex — (241 + ¢2)s2 Giea + Gisa
G2 g1+ 42
= q1 0
0 q2
sin g 0
i sin (g1 + ¢2) sin (g1 + q2)
(45)
6 =[2.351 0.084 0.102 2.288 0.175 38.465 1.825]"
(46)

to satisfy Property 9 and where ¢ = cos ¢» and 55 = sin ¢».
4.2 Model of Human-Applied Torques

In order to simulate the torques applied by a human inter-
acting with the robot, EMG signals of biceps and triceps
muscles from the database [39] were used as inputs to the
model described in Sect. 2.3. First, the EMG signals were pre-
processed using the cutoff frequency of 10 Hz for high-pass
and 400 Hz for low-pass filters. According to the database,
the MVC values for the biceps and triceps are 7527.5 and
1776.6, respectively. Therefore, it was only considered that
there is an external torque applied to the elbow joint and the
shoulder joint moves freely, i.e., T, = 0 Nm (M,; = 0).
The values selected for the constants of the Hill model (4)—
(11) were: kAl = kA2 = —2, 91 = 00, 92 = 100, fMOl =
400 Nm, fpmo2 = 600 Nm, hoy = hop = —2.06, b1 =
hip = 6.16, hpy = hypp = 313,11 =1, =08, r] =
0.0153 m, and r, = 0.01 m, where sub-index 1 refers to
biceps and sub-index 2 to triceps. In addition, to model the
bounded behavior of the interaction torque it was considered

14995
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Fig. 1 Muscle torques obtained by the Hill model from EMG signals.
The segmented line represents the bound M., = 8.5

that

0e2(5) = 05(S; Lea, Me2) (47)

with M., = 8.5 and L., = 0.9M,; satisfying (12). The
muscle torques obtained are shown in Fig. 1.

4.3 Configuration of the Impedance Controller

The trajectories to be followed by the robot’s joints were
chosen as

a1 (6) = % + sin or (48)
qa>(t) = cos wt (49)
where, according to Assumptions 3 and 4, ® = By, <

fm/kec— Bey. Then, By, = w? and we can select B, = 0.85,
Bey = 0.15, B,; = 0.3 obtaining that v < 1.049 rad/s.
Therefore, we set w = 1 rad/s and the impedance parameters
that characterize the dynamics of human-robot interaction
were tuned as kgy = 10, hgy = 2, and dgy = 25 to satisfy
(16), (17), and (18), respectively.

The proportional and derivative actions of the impedance
controller (21) were implemented with

opi(s) = os5(s; Lpi, Mp;) (50)
opi(s) = on(s; Mp;) (51

i =1, 2. Therefore,op,;,, = 0y, = landk = max; {kp;}.
In order to obtain bounded control actions, Mp; = Mp; =
40, Lpl = 0.9MP1, MP2 = MD2 = 2, and Lp2 = 0.9Mp2
were chosen to satisfy (24) with Bp; = 46.385 and Bpy =
2.414 according to the values of the robot’s dynamic param-
eters, while the dynamic compensation term Y (q, g, Gi)0
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was implemented by replacing ¢ with g, and ¢ with gy in
(45). In addition, for the external torque compensation term
7., the estimated joint torque from the EMG signals described
in Sect. 4.2 was used.

4.4 Results

For comparison purposes, the same human—robot interaction
task was implemented using the adaptive controllers pre-
sented in [7,15], and to distinguish each of the controllers, the
following nomenclature is used: JS-IC represents the joint-
space impedance controller proposed in this paper, JS-TC is
the joint-space tracking controller presented in [7], and TS-
IC denotes the task-space impedance controller presented in
[15]. The SP-SD+ adaptive tracking controller [7] is given
by

u=—sp(Kpq) —sp(Kpq) + Y(q, 4a, Ga)0 (52)
¢=-IY"(q, 44 Ga)lg +esp(Kpq)) (53)
6 = s54() (54)

where I' = diag[yi, ..., yp] is a (constant) positive definite
matrix, while s,(x) = (041(x1), ..., aap(xp))T with o,;(+)
being strictly increasing GSFs bounded by M,/ =1, ..., p.
The proportional and derivative actions were implemented as
(50)-(51) with Mpy = Mp;y =40, Lp;1 =09Mpi, Mpr =
Mpy =4, and L p> = 0.9M p;, while for the adaptive term

0ai(¢) = 05(5; Lar, Map) (55)

with M, = (2.939,0.105,0.127,2.86,0.219, 48.081,
2280 and Ly =09My, 1 =1, ..., 7.

On the other hand, the adaptive impedance controller [15]
is given by

T = Ho(q,04(00)J ' (q,00)[-Kpé — KpZ — J(q, 4, %)
+C(q. 4, 00)d + (g, 6a)
+J7(q. 00) fo + [H(q. 0a) — Ho(q. 040015 (56)
00 = I'uJ (q. 00 Hy " (q.04(0)Ya(q. ¢, §) HEIE + 1 (5T)

O = TilJ (q. 00 Hy ' (q. 620)Ye(q. fo)HEIE + £
—WkTAk(Wkék —2)] (58)

where f, is the task-space interaction force E=Xx—X4—Xe
is the task-space impedance error, and ; = X — Xq — Xe
is the estimate of £, with x being the Cartesian position
of the robot’s end effector (forward kinematics), x; being
the desired trajectory in Cartesian space (obtained by for-
ward kinematics with g4 as input), and x, = F(s) f, being
the trajectory adjustment vector in Cartesian space, whose
parameters are Hy = diag[2, 2], D = diag[50, 50] and

Springer

K = diag[150, 150]. Hy(q, éd (0)) is a symmetric and pos-
itive definite matrix that represents the initial estimate of
H(q), éd and ék are the estimated dynamic and kinematic
parameter vectors, respectively, whose real values are

64 = [2.351 0.084 0.102 38.465 1.825]"
6 =[0.450.45]"

while J (¢, 6) represents the estimate of analytical Jacobian
matrix given by

Ok1 cos g1 + sz cos (g1 + q2)

Oi2 cos (g1 + qz)]
br1 sin g1 + G2 sin (g1 + q2)

b2 sin (q1 + q2)
(39

J(q.00) = [

In addition, I'y; = diag[ya1, ..., Yas), Tk = diag[yk1, vi2l,
and Ap = diag[Ax1, Ax2] are (constant) positive definite
matrices, z = [As/(A 4+ s)]x, W = [A/(A+5)]Yk(q,qg) isa
low-pass filter with A = 10, and the corresponding regression
matrices are

Yelq. d) = |:41 cosqr  [§1+ galcos (g1 +q2)]
’ gisingi  [¢1 + ¢21sin(q1 + q2)
Ya(q.q.§)
i g1 0
Q41 + )2 — 2241 +42)s2 Giea + Gl
= 7p) 41+ g2
sinq 0
L sin (g1 + q2) sin (g1 + ¢2)
Ye(q, fe)
_ [ fercosqi + fersingi  fercos (g1 +q2) + feasin (g1 + qz)}
L 0 fercos (q1 + q2) + fersin(q1 + q2)

In both cases, the authors’ tuning of the controllers was
respected, considered to be the best possible. Table 1 sum-
marizes the gain parameters used to implement the three
controllers.

The initial joint positions and velocities were taken as
q1(0) = 1r1ad, g20) = 0.5 rad, 4;(0) = ¢1(0) = 0
rad/s. While the auxiliary states were initiated at ¢ (0) =
(2.880.1030.1252.8030.21447.1192.235)7 in the case of
controller [7], and 64(0) = (2.00.150.1530.01.05)" and
Oy (0) = (0.50.6)7 in the case of controller [15].

The results of the comparative analysis are presented in
Figs. 2 and 3 and Table 2. First, in Fig. 2 the impedance
or path tracking errors for each controller are depicted; it
is possible to observe that in all cases when the interaction
force/torque is small (during the first 8 seconds, see Fig. 1) all
error components tend to zero. However, when the interaction
torque begins to increase, only impedance controllers are able
to regulate such human—robot interaction by keeping the error
convergence to zero.

On the other hand, the torques generated by all controllers
are shown in Fig. 3, where the bounding feature of the pro-
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Table 1 Control parameter values

Parameter JS-IC JS-TC TS-1C
kpi 2500 1500 15000
kpa 500 300 15000
kp1 20 20 2000
kpo 5 5 2000
Vi 20
V2 0.5
V3 0.1
V4 1.5
Vs 0.1
Y6 10
124 0.25
e 1.0167 x 1077
Ykl 5
Yi2 5
Yd1 30,000
Yd2 0.1
Yd3 5
Vd4 500
Yds 2.5
Al 50
A2 50
0.2 T T T T T T T
= Y
=02 .
8 04 —
: _51
=06 &
08 L L L L L L n
0 5 10 15 20 25 30 35
Time [s]
_. 0
3 —a
" — @ |
2 57 :
5|
10 L L L L L L L
0 5 10 15 20 25 30 35
Time [s]
_06f —& |
£ o4 —&| |
g 0.2& 1
- 0
02 L L L L L L L
0 5 10 15 20 25 30 35
Time [s]

Fig. 2 Components of error for the proposed joint-space impedance
controller (JS-IC), the joint-space tracking controller (JS-TC), and the
task-space impedance controller (TS-IC), respectively

posed impedance controller (JS-IC) is shown, while for the
tracking controller (JS-TC), the torque limit values (200 Nm

200 ———————————-

100

71 [Nm)]
71 [Nm]

100t 41 Fm——————————
200 ———————————~
-500
0 10 20 30 0 0.5 1
Time [s] Time [s]
20
_____________ 50 —JSIC
—JS-TC
10 —TS-IC
El El
Z. 0 Z. 0 ~—
e e 0l
-10
20 -50
0 10 20 30 0 0.5 1
Time [s] Time [s]

Fig.3 Applied control torques. The graphs on the right correspond to a
zoom-in that allows to appreciate the transient behavior. The segmented
lines represent the bounds 7 and +7>, respectively

and 15 Nm, respectively) are not exceeded in both cases. In
the graphs on the right, a zoom-in of each torque component
is shown, and it can be seen that the Cartesian impedance
controller (TS-IC) exceeds the torque limits when starting
the movement.

Then, in order to quantify the performance of impedance
controllers, the error was normalized with respect to the
maximum absolute values of each component (to be able to
compare a joint controller with another Cartesian one) and
the root-mean-square (RMS) value of the normalized error
was calculated as

1 T s
— t)||~dt

where T = 36 seconds and

RMS = (60)

&1(t)/ max{|& ()]}
e(t)=| ) (61)
Ex(1)/ max,{|&(1)]}

The RMS values of each impedance controller are presented
in Table 2, where it can be observed that the values obtained
are very similar; however, the performance of the proposed
joint-space impedance controller is slightly better and with
the advantage of generating bounded control actions (avoid-
ing possible damage to the robot actuators).

From the results obtained in the simulation test and the
performance evaluation of the control schemes, the following
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Table2 RMS error values

Index JS-IC TS-IC

RMS 0.1476 0.1486

can be stated: (1) the adaptive JS-TC motion control scheme
is not robust in the face of disturbances caused by human—
robot interaction, especially when the external torque applied
by the user is greater than 10% of the maximum value of
the actuator, i.e., |7, ()| > 1.5 Nm; (2) the impedance con-
troller TS-IC behaves appropriately when the initial position
of the robot is close to the desired trajectory, because it is
very sensitive to kinematic singularities. This causes high
accelerations which are reflected in the demand for high
torques above the actuators’ limits, i.e., max{|zi(t)|} > 15
Nm and max{|t2(¢)|} > 200 Nm; (3) although the perfor-
mance of both impedance controllers (JS-IC and TS-IC) is
very similar, our proposal has the advantage of generating
bounded torques and because it operates in joint space and
is not affected by the kinematic singularities of the robot; (4)
our proposal had the best performance since it achieves the
convergence of the impedance error toward zero with lower
RMS value, respecting the torque limits of the actuators and
appropriately regulating the interaction forces exerted by the
user. Therefore, the results of this comparative study allow
us to conclude that the use of our control scheme in human—
robot interaction tasks guarantees a good performance and
an adequate level of safety for both the user and the robot.

Finally, another advantage of the proposed control scheme
is that the tuning of impedance parameters (Kg, Dg, HE)
allows for bounded modification of the trajectory to be fol-
lowed by the robot during interaction, i.e., the adjustment
vectors of position, velocity and acceleration are bounded if
the tuning criterion (16)—(18) is met. Figure 4 depicts the
behavior of the trajectory adjustment vectors and shows that
the position, velocity, and acceleration do not exceed the
bounds B., = 0.85, B,y = 0.15, and B., = 0.3, respec-
tively.

5 Conclusions

Closed-loop stability analysis, physical torque limits of actu-
ators, and sensitivity to singularities are often overlooked in
the design of control schemes for safe human—robot inter-
action tasks. This paper proposes a joint-space impedance
controller with bounded actions that makes use of EMG to
estimate the user’s joint torque during human-robot inter-
action. The proposed scheme has a nonlinear PD+- structure
based on generalized saturation functions and external torque
compensation based on EMG and the Hill muscle model.
These features respect the torque limits of the actuators and
measure the user intent in a more natural way. Moreover,

@ Springer

[rad]

[rad/s]

[rad/s?|

Fig. 4 Torque filter (F(s)7.) outputs ¢, g., and g., respectively. The
segmented lines represent the bounds + B, +B,,, and & B,,, respec-
tively

through a Lyapunov stability analysis and numerical sim-
ulations, the correct performance of the proposed control
scheme was supported and validated. Due to these features,
our proposal can be considered as a primary approach to
impedance control for safe human-robot interaction with
bounded actions.

The results of the comparative tests presented make evi-
dent the advantages of the proposed control scheme over
other similar controllers to regulate human—robot interaction
tasks. This is due to the fact that it can deal with the torques
applied by the user at the same time that bounded control
actions are generated below the torque limits of the robot’s
actuators. In addition, the use of Hill’s muscle model and
EMG for user joint torque estimation allows human-robot
interaction to be defined in joint space, preventing the robot
from reaching singular configurations as commonly happens
with Cartesian controllers.
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