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ABSTRACT

This paper describes the interaction torque control of the Rehab-
Exos, an upper-limb robotic exoskeleton with direct torque joint
sensors for interaction in Virtual Environments and rehabilitation.
The control architecture consists in a centralized torque control and
separated optimal torque observers for each joint of the exoskele-
ton. The optimal observer is a full-state Kalman filter providing
the estimates of both internal and external torques acting on the
joints and overcoming most of the issues due to the noise in the
torque sensor signals. The centralized torque control is based on a
full dynamics model of the exoskeleton, calculates the kinematics
and dynamics of the system and estimates the feed-forward contri-
bution for the compensation of dynamic loads measured by joint
torque sensors. Experimental tests have been carried out to validate
the desired torque tracking in haptic interaction tasks.

Index Terms: H.5.2 [Information Interfaces and Presentation
(HCD]: User Interfaces—Haptic 1/0; 1.2.9 [Artificial intelligence]:
Robotics—Kinematics and dynamics

1 INTRODUCTION

The robotic interfaces for physical human-robot interaction repre-
sent an important aspect of telexistence cockpits [2] and for inter-
action in Virtual Environments. They can come in different embod-
iments and realizations, but the exoskeleton represents the robotic
system where the highest physical symbiosis with the human opera-
tor is achieved. Active exoskeleton systems are robotic devices that
can be worn on the user’s body, implying that they should satisfy
requirements of safety and better compliance. After the Fukushima
event in Japan, the application of these human-robot interfaces in
the area of rescue robotics and teleoperation has became an emerg-
ing field of research, for which the development of upper limb ac-
tive exoskeletons with dexterous manipulation abilities has become
a hot topic of research. Another relevant sector of application of ac-
tive exoskeletons is represented by neuro-motor rehabilitation post-
stroke [10], where different prototypes and commercial solutions
have been recently proposed.

As shown in figure 1, exoskeletons built for rehabilitation and
human power augmentation make use of different actuation solu-
tions, such as geared solutions [13, 17, 3], tendon drives [6, 15], hy-
brid solutions (screw and cable actuators) [7],variable-impedance
actuators or even pneumatic actuation [16, 9]. Recently also pure
tendon solutions have been proposed with the Carex Exoskele-
ton [11]. For instance, both Berkeley Lower Extremity Exoskele-
ton (BLEEX) [8] and the XOS exoskeleton from Sarcos Research
Corporation are based on hydraulic actuation systems, with con-
trol algorithms based on force measurements for a smooth control
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Figure 1: Recent solutions in upper limb exoskeleton design

of exoskeleton movement, while the Robot Suit HAL-5 (CYBER-
DYNE Inc., Japan) and the Body Extender [12] use electrical mo-
tors. Based on the adopted actuation, active exoskeletons can be
classified as impedance based design (open-loop impedance control
and impedance control with force feedback) or admittance-based
design (admittance control with position feedback) [4], as outlined
in figure 1.

Open-loop impedance control exoskeletons rely on lightweight
designs with joint-delocated motors and backdrivable mechanical
solutions, typically implemented making use of tendon transmis-
sions [6], [15]; the most challenging limitations are the friction
effects due to the transmission system, that can be compensated
only by means of feed-forward compensation based on approxi-
mate models, the complexity of the transmission and the difficulty
to be mechanically configured in a bilateral configuration, working
both for left and right arm. On the other side admittance-based de-
sign requires force sensing and can achieve higher stiffness values,
but relies on the adopted control for canceling system dynamics and
inertia. Exoskeleton with a single force/torque sensor localization,
such as one torque sensor at the exoskeleton elbow joint and a six-
axis force/torque sensor at the exoskeleton handle [5] or shoulder
[14], can accurately regulate interaction forces at the exoskeleton
terminal link (i.e. the handle) only. Lightweight robots with joint
torque sensors [1] allow for multi-contact force/torque control (i.e.
the regulation of interaction force/torques at multiple points dis-
tributed over multiple links).

The correct estimation of interaction force between human and
exoskeleton in admittance designs requires control approaches that
compensate for friction, inertial and gravity properties of the ex-
oskeleton mechanical structure, but a complete cancellation of these
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effects is difficult to achieve. In this paper we present an interaction
torque control of an exoskeleton with torque joint sensors for hap-
tic rendering and rehabilitation purposes. With respect to previous
work [18], we extend our control to take into account the multi-dof
non linear system dynamics and provide a compensation of non-
linear effects such as inertial and gravity components, to achieve
an accurate estimation of human interaction force. This is accom-
plished by a single joint optimum observer that ensures joint torque
tracking, while a centralized control estimates and compensates for
the dynamics of the whole system. The exoskeleton is endowed
with a Force/Torque sensor at the handle to allow experimental eval-
uation on torque tracking performance and haptic interaction, that
is presented in this work.

Figure 2: The Rehab-Exos exoskeleton

2 THE REHAB-EXO0S

The Rehab-Exos is a active robotic exoskeleton (figure 2) conceived
for rehabilitation applications. It is aimed at generating controlled
contact forces/torques not only at its end-link handle, but also at in-
termediate links, so that when the user is wearing the device he can
control the full force interaction with the exoskeleton and guide/be
guided with all articulations of the arm (wrist, shoulder, elbow).
As depicted in figure 3(a), the exoskeleton has a serial architecture
isomorphic with the human kinematics that comprises: a shoulder
joint fixed in space and composed by three active joints Ji, J> and
J3; an active elbow joint Ju; and a passive revolute joint J5 allow-
ing for wrist prono/supination. For a more detailed description of
both RehabExos and actuation groups, the reader can refer to [17].

The three joints Ji, J2 and Ja4 of the exoskeleton are motorized
through identical actuation groups. Each joint features a custom-
made frameless brushless torque motor integrating a compact Har-
monic Drive (HD) component set and a torque sensor consisting of
two fully balanced strain gauge bridges placed on different beams
of a thin planar sprocket hub, which is located at the joint output
shaft (see figure 3(b)). The actuator provides a joint output torque
equal to 150 N'm with an overall weight equal to 3.7 K g, motor
shaft inertia reduced to the joint output shaft Jm = 3.7 Kgm?,
overall joint torsional stiffness reduced to the joint output shaft
k = 1.13 kNm/rad. The Harmonic Drive performs a reduction
equal to 100:1. Owing to the adopted mechanical components, the
joint features limited backdrivability at motor power-off and lim-
ited mechanical complexity to ease maintenance as well as cost
reduction. The internal joint-torque sensor introduces controlled
torsional compliance that is used at the same time to transmit joint
torque actuation from the motor to the link and to measure it. Joint
J3 is characterized by a tendon transmission that is used to transmit
the actuation torque through an open semi-circular guide.

Despite further augmenting the actuation group compliance, the
availability of joint-torque sensors enables for multicontact force
control at multiple points distributed over the links and, addition-
ally, makes it possible: 1) to close a stable high-bandwidth torque
inner loop around each joint which is weakly affected by robot link
variable inertia; 2) to suppress robot vibrations produced by the
inherent transmission compliance (Harmonic Drive); 3) to reduce
internal disturbance torques caused by actuator and reducer (for in-
stance friction losses, actuator torque ripples and gear teeth wedg-
ing actions); to measure externally applied forces/moments and
complex nonlinear dynamic interactions between joints and links.

Output shaft ~———__
bearings =

Motor stator

B Motor rotor |

Motor rotor
bearings

(a) Exoskeleton kinematics

(b) CAD section of the joint actuator

Figure 3: The Rehab-Exos CAD model showing overall kinematics
and actuator structure

2.1 Control Hardware

A decentralized control architecture was adopted that can guarantee
both optimal signal to noise ratio in the acquisition of analogical
signals, i.e. force sensors, and higher standards of safety.

For safety requirements a bus architecture was adopted based
on EtherCAT ET1100, as shown in figure 4. EtherCAT is an
Ethernet-Based Communication Industrial International Standard
since 2007, supervised by ETG(EtherCAT Thecnology Group). It
is provided with a complete set of protocols, mechanisms, de-
velopment tools and electronic devices needed to carry out com-
munication implementation in the field of industrial automation.
The EtherCAT communication network consists of one master con-
troller and four slave controllers Ethercat Slave Controller for each
actuation joint. The master controller is handled by xPC Target,
real-time Operating System Matlab toolbox, and is in charge of the
executing the centralized control model (500 usec).

Motors of the exoskeleton consist of three 170VDC Power Sup-
plied brushless motors on the 1st, 2nd and 4th joint each ones driven
by programmable current driver and one 48VDC Power Supplied
DC motor on the 3th joint. All of them are provided with one in-
cremental encoder and one torque sensor.

Each Ethercat Slave Controller (ESC) board is a "PERCRO de-
signed” control board consisting of an up-to 72 Mhz ARM7 Micro-
controller, with 4 14-bit DAC output interfaces, 10 14-bit Analog-
to-Digital Converter (ADC) channels, and the EtherCAT ET1100
controller linking to double-port Ethernet interface. Each ESC
board can locally acquire data from encoders and force sensors.
Each torque sensor is acquired through 2 Wheatstone full-bridge
channels that are pre-amplified averaged and digitally converted
with an A/D resolution conversion of 14 bits. Moreover each ESC
performs estimation of speed and acceleration from position data.

3 SINGLE JOINT MODEL

Due to the elasticity of the harmonic drive speed reducer (for joints
1, 2 and 4) and of tendon transmission for joint 3, each joint can be
modeled as a 2-mass system. A single joint model is shown in figure
5. Using as notation 6,,, ; and 8, ; as the symbols for motor and joint
angles respectively for joint ¢, and introducing two coefficients £ ;
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Figure 4: The decentralized control architecture

and c¢,; to model the elasticity and viscosity of the transmission,
that were experimentally characterized, the following equations can
be written for single joint dynamics:

Im,iOm,i + cm,im,i + ct,i(Om,i — 050) + ke,i(Om,i — 05,) =
Tm,i + Td,i

Jl,iéj,i + Ct,i(éj,i - emz) + kei(05, — Om,i) =
Ti,i

(D

where, referring to the the i-th joint, J,, ; is motor inertia, J; ;
is average link inertia considered as constant, c,,,; is the viscous
friction coefficient between motor rotor and stator, 7,, ; is the motor
torque, 74,; is a disturbance torque acting on the motor rotor which
accounts for internal friction and ripple effects of both motor and
harmonic drive, while 7; ; is the external torque acting directly on
the output link which accounts for the exogenous input due to the
interaction with the human, and endogenous input accounting for
unmodeled non-linear effects, such as dynamic or gravity forces.

Jmi

\97:1.1 ‘9/
—> —>
Figure 5: The 2-mass model for each joint

3.1 Single joint acceleration estimation

The full dynamics model of the exoskeleton, as described in sec-
tion 4.1, is obviously dependent of the acceleration of each joint.
In order to estimate and compensate for the dynamics of the de-
vice, an observer for the joint acceleration has been designed. For
each joint, the acceleration can be derived as indirect measurement
from motor encoder 6,,,;, joint torque 7 ; and the imposed control
torque T,,i. Ts,; 1S the torque measured by the sensor at the joint
and can be expressed as in equation 11.

In particular, since 7,,,; — Ts,; is the torque acting on the actua-
tion group (motor plus gearhead) and the losses can be modeled as
a static and a velocity-dependent viscous friction, the acceleration
can be estimated as:

Om,i =0 for —7Ta;i < Tm,;i— Ts,i <TA,i

(€5

N Tm,i — Ts,i — Cm,iem,i
em i =

e J, m,i

where T4 ; is the static friction torque and c¢,,,; is the dynamic

friction coefficient. Both coefficient were experimentally evaluated.

The torque saturation effects due to power supply voltage limits are
modeled as:

k‘c _Vmaz}; k'uLm,i < Tm,i < kc

Vmaa: - kvem 2

I : 3)

depending on the electric constants of each motor, and in partic-
ular where k. is the associated torque constant, k, is the velocity
constant, R is the winding terminal resistance and V};, 4z is the max-
imum supply voltage to the motor. A diagram of the estimation of
acceleration by control and measured torques is shown in figure 6.
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Figure 6: Estimation of the acceleration from torque measurement

While 7, ; is directly measured by the joint torque sensor and
Tm,i is derived from motor command, an optimum Kalman ob-
server has been used to estimate the acceleration term sz from
direct position measurements.

The model can be expressed in the state variable form as follows:

X =Ax+Td
{ 4)
y=0Cx
where
x= |bmsla=[0 0 1]r=]0 C:((l) 0 (1)) )
O i 0 0 0 1
and d is the process noise.
The observer can be formulated as:
X = A% + L(y — C%) (6)

where L is the gain matrix of the observer. A scheme of the
observer is depicted in figure (7).

As an example, the comparison between the real-time estimated
acceleration (red dotted line) and the offline calculated acceleration
(blue solid line) for the first two joints is shown in figure 8.

4 CENTRALIZED INTERACTION TORQUE CONTROL

4.1 Full dynamics model

Based on the derived two-mass model of each joint, the full dy-
namic model of the exoskeleton can be derived and formulated in
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Figure 8: Comparison between the estimated and actual acceleration

matrix form as follows:

JnDOp, + By D6y, + Ci (DO, — 0)+
+ Ki(DOp, — 0;) = T + T4

M(6,)8; + C(65,6,)6; + Ci(6; — DO )+
+ Ki(0; — DO,y +G(0;) = J"Fn  (7)

where D is a diagonal matrix modeling the reduction factor intro-
duced by joint speed reducers, J., and B,, are diagonal matrices
modeling inertia and viscous friction at motor, K; and C are re-
spectively diagonal matrices modeling stiffness and damping asso-
ciated to the elastic transmission, and G represents the effects of
gravity force on links. The external exogenous forces acting on the
system are due to human interaction, represented by term Fyp. It
is important to note that we introduce cross-coupling among joints
and non-linearities, with terms C'( éj, 6,) modeling Coriolis effects
and M (6;) representing link inertia.

Let us study the effect under static condition of the application of
a motor torque that compensates for the non-linearity due to gravity,
estimated as G/(D8,y, ), with:

Tm = G(D6,n) +u ®)

and with the assumption that u represents the actual control com-
mand. Under static conditions we find that:

u=—J"F, +G(0,) - G(Db,,) = —J"Fy )

since G(Dfm) ~ G(6;). Under dynamic conditions we can
model the incomplete cancellation of the gravity component due
to the transmission of actuation force through the elasticity of the

speed reducer, by introducing a disturbance term dg = G(0;) —
G (Dém), that can be summed up to F'y, as a disturbance noise sup-
ported by the operator. Moreover we have to consider that the real
dynamics has terms M (0;) and C(6;, 8,) depending on the actual
joint configuration. The first term can be decoupled into a diagonal
constant component and a variation component as follows:

Mé; = M6, + AM(6,)86; (10)

So we can define a variable apparent dynamic force that we
will call Fayn such that JTAF 4y (85,0;) = —AM(0;)8; —
C(6y,0;)0; The new variable AF 4y, representing uncompen-
sated and/or unmodeled dynamics, can be considered as distur-
bance force as well that will be counteracted by the human,

F1 =Fn+0g+ AF4yn

This in general states that the external forces are the sum of ex-
ogenous Fy, and endogenous inputs ég + AFq4yy . While exoge-
nous inputs are unknown a priori and depending on human operator
behavior, endogenous inputs can be estimated and compensated to
some extent.

Introducing moreover the following variable substitution for
joint torque T

Ts = —Kt(DOm — OJ)

Ts = —Ki(DOpm — 6;) (11
Fs = —Ki(DOpm — 6;)
dynamic equations can be reformulated as follows:
JnDOpm + ByDOpm = K, 'Cits + Ts +u+7a  (12)
Mb; + K, 'Cits +7s = JTFy (13)
But we know that
K; % 4 Db, = 6;
(14)

K, '7e + D0, = 6,

Then making substitution of the above in (13) to eliminate 6;
and its higher order derivatives, we obtain

MDO,, + MK; '# + K; 'Cits+1s = J'F1  (15)

and then replacing D,, = J;,'{—BmDO,, + K; 'Ci7s +
T + u + 74} and defining J; ' = M [T + DM.J;;"], dynamic
equations can be put in the following form:

Jm DO, + B DOy = K, 'CiTs + Ta + U+ Ta
T+ Cod; 17 + KiJ; 'ma = Ki ' B DO+
M K IR —K T e — Kidyta

(16)

This form of the dynamic equation is useful for defining a full-

state feedback control law and an optimal observer for the estima-
tion of joint torque.



4.2 An optimal observer for estimation of joint torque

A full-state feedback joint-torque controller for the ex-
oskeleton requires the knowledge of the joint variables
Teiy Teis Omi, Omi, Tai, Ti» where 1 = JTFy. Since

each joint is only equipped with one digital incremental encoder
measuring 6,,,; and one joint-torque sensor measuring 7s;, a
full-state Kalman filter has been designed to clean out both 6., ;
from quantization noise wep,; and 7, ; from measurement noise
wr,i, as well as to estimate the remaining variables 75 ;, ém,i, Tdi
and 7 ;.

Based on the linear dynamic formulation, according to [18]
we modeled the dynamics of 74,; and 7;; as two distinct Wiener
processes (i.e. as two distinct non-stationary random processes)
Td,i = v4,; and 7;,; = v 4, which, in practice, it is equivalent to
consider only forces 74,; and 7;,; to be continuous and varying with
independent increments. Then the following meta-system can be
derived from equation (16):

{ﬁ=AiTi+Bz‘Tm,i+Fz‘U¢ (17)

yi = Cimi +w;
where 71 = [Ts,i Ts,i Om,i Om,s T1,iTa,: | is the meta-state vector,
vl = [vi; va,i] is the vector of process noises with variances V; ;
and Vg ;, wl = [vr.; vg ;] is the vector of measurement noises with
variances W, ; and Wy ;, whereas:

Cti —kt,ibm,i ki —kt.q
ffl t;fi 0 0 J; i J'm,t,i
1 0 0 0 0 0
A= CtJ::iL Ji,i _JZZ:L: 0 0 lel,i
0 0 1 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
s (18)
Tt 00 00
0 0 O 1 0
1 0 0 0 0
Bl F=1lo o “=]o0 1
0 1 0 0 0
0 0 1 0 O

5 FULL STATE FEEDBACK CONTROLLER

Given the state observer defined in previous section, we can define
the following state feedback control law:

U= BpnDOp+JnM T Fi—1a—J; JntP + Kpet+ Kaé
(19)

where € = T, — T2 is the error on sensor torque, given the
desired sensor torque 2. Let us assume moreover that TP =0
and 7P = 0, so that & = 75 and € = 75

Inputs are given from the state observer (18). We find so that the
modified dynamics with the control law (19), leads to a stable error
dynamics equation:

O = 0; — K, '8
0=8&+ (CoJ; '+ KaKiJ e + (K J7 ' 4+ KpKiJ,, e
(20)

The convergence of error e to zero can so be adjusted by choos-
ing the proportional and derivative gains K, and K4, to obtain the
desired dynamic response.

6 DYNAMICS COMPENSATION

The torques measured by joint sensors are due to the human force
and any load applied on the links (F';). To have a good estimation
of human forces by torque sensors, it is necessary to remove from
torque measurements the gravity and dynamics loads applied to the
links. The gravity contribution depends only on the pose of the ex-
oskeleton, can be calculated by the position signals provided by the
motor encoders, and is already compensated in feed-forward by the
term G (Dém) in Ty, except for the term dg. On the other side,
the dynamics contribution depends both on the pose and the accel-
eration and velocity of the links, which are not directly provided by

any sensor, but are provided in first approximation as D8, by the
observer described in section 3.1.

The dynamics torques due to the links inertia measured by the
joint torque sensors can be so estimated as follows:

Fayn =~ M(D0pm) DO,y + C (DO, DO) DOy, 1)

Both matrix M and C are calculated taking into account for each
joint the inertia of the parts supported by the torque sensor, discard-
ing the inertia of the actuator of the joint.

The compensation torques aTayn, With 0 < a < 1, are a per-
centage of the estimated torques Tqyn ; they are added to the desired
torques 752 as input to the state feedback controller according to
(19) and feed-back with the estimated torque 75, according to the
scheme of figure 9.

Speed
and
ei Torque
Tei | Ka-lman
> Filter
Tm,i

Figure 9: The full state control feedback

6.1 Desired torque tracking

In order to validate the interaction torque control and to evaluate the
torque tracking performance, an additional force sensor has been
mounted on the end effector of the exoskeleton to measure the ac-
tual forces Fy, that the user applies. The reflected torques at the
joint are calculated as 75 = J* F}, and then compared to the inter-
action torques estimated by the optimal observer. The experimen-
tal results for torque tracking, with a desired torque 7° = 0, are
shown for the second joint .J, in figure 10, that is the joint with
the highest link inertia. A user has moved without constraints the
exoskeleton, grabbing the force sensor mounted at the end effector.
The control was set to follow his movement at zero-torque without
(figure 10(a)) and with (figure 10(b)) dynamics compensation. The
upper plots show the joint position (blue solid line) and accelera-
tion (red dotted line), to demonstrate the movements were similar
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that assure the correct torque tracking. The design of the exoskele-
ton allows to control the torque on every joint, so it is possible to
render an interaction force not only at the end effector but on every
link of the robot. In this case, in equation (22) a modified Jacobian
will be used to convert forces not applied on the end effector.

in both cases. The lower plots represent the interaction torques es-
timated by the observer (blue solid line) and measured by the force
sensor (red dotted line). Even if the estimated torques are similar
in both cases, with dynamics compensation the actual interaction
forces are lower, demonstrating that torque tracking is more precise
and the user has to compensate less for the links dynamics.
7.1 Experimental test
The performance of the impedance control has been assessed by
experimental tests using the force sensor mounted on the end effec-
tor of the exoskeleton. The forces measured by the sensor are not
used for the torque control, but only for acquiring the actual forces
applied on the user hand. In the experiments the user grabs the
exoskeleton only by the end effector, without applying any other
force on the links. For experimental purposes we implemented the
Time [3 haptic rendering with a slanted flat surface with simulated stiffness
. ) ) K = 5000 N/m and internal damping k& = 300 Ns/m.

Actual and estimated interaction torque . . .

‘ — Figure 11 shows the comparison between the desired force or-
et e torque thogonal to the virtual surface (red dotted line), calculated by the
A U TR control system, the actual force measured by the sensor at the end

Position and estimated acceleration
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Figure 11: Comparison between the desired and actual force on the
end effector
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sliding and pushing on the surface. The measured force is decom-
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(b) With dynamics compensation

Figure 10: Comparison between the measured torque 7, and calcu-

lated torque by force sensor
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The implemented torque control can be used to render the interac- % H it :
tion forces with a virtual surface with given stiffness and damping, Z o i ,_
acting as an impedance control. The contact force at the end ef- g ;
fector is proportional to the penetration and the speed of penetra- 57 i i P
N . . - . = i i R
tion into the virtual object. The force is then converted to desired 20/ A ; P [0 6 T & e
torques at the joints according to the following equation: . A T
78 = J"Fge = J (Kd — bd)n (22)
0 5 0 30 35

15 2‘0
. . . TimeTs)
where n is the normal to the surface, d is the penetration in the

object, K is the simulated stiffness, dis the speed of penetration and Fi 12 Orth land t tial s of interaction f
b is the simulated internal damping. The computed desired torques lgure 1. Lrthogonal and tangential components ot interaction force
represents the input for the optimal torque observers of each joint,
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8 CONCLUSION

An interaction torque control of an exoskeleton with torque joint
sensors has been developed and validated by experimental tests in
haptic interaction tasks. The kinematics and dynamics of the device
are calculated by a full dynamics model implemented in a central-
ized torque control. The torque tracking for each joint is performed
by single-joint full-state Kalman filter and a torque feedback con-
troller. The centralized control provides to each single-joint ob-
server the desired torque for force feedback and an estimation of
the joint torques due to links dynamic loads to be compensated by
the control as feed-forward contributions. Experimental tests have
been carried out to validate the fidelity of force feedback during
haptic interaction with virtual objects and to assess the improve-
ment in torque tracking adding partial compensation of the links
dynamics. Results show how the presented approach is effective
for estimating the human interaction force cleaned up of the iner-
tial and gravity contributions due to the non negligible mechanical
properties of the exoskeleton structure. This is reflected in better
performance when high fidelity force rendering is required, such as
in the case of rehabilitation applications.
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