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Minimizing Human-exoskeleton Interaction Force by Using Global Fast

Sliding Mode Control

Duong Mien Ka*, Cheng Hong, Tran Huu Toan, and Jing Qiu

Abstract: A critical issue in the model-based control of performance-augmenting exoskeleton systems is the un-
known nonlinear dynamic properties of the systems or the uncertainties. An improper estimation of the system
dynamics can cause instabilities in the system and generate considerable human-exoskeleton interaction forces
during human motions. Thus, the controller of such exoskeleton systems needs to add robustness to stabilize it
against the uncertainties. In this paper, we propose a global fast sliding mode control algorithm integrated in a
hybrid controller for each exoskeleton leg to minimize human-exoskeleton interaction forces. By doing so, the
proposed algorithm does not require an exact estimation of the dynamic properties of the exoskeleton system, but
still minimizes the physical human-exoskeleton interaction (pHEI) forces. Finally, the performance of the proposed
algorithm is verified by experiments on our lower exoskeleton system, which is used for human power augmenta-
tion and called “PRMI” exoskeleton. Our experimental results show that the proposed control algorithm provides a
good control quality for the PRMI exoskeleton. The PRMI exoskeleton can support a wearer carrying heavy load
while tracking the rapid movements of the wearer without obstructing them.

Keywords: Exoskeleton, human-exoskeleton interaction, performance-augmenting exoskeleton, sliding mode con-

trol.

1. INTRODUCTION

An exoskeleton system is defined as an electromechan-
ical structure worn by a user, and matches the shape and
functions of the human body [1]. Exoskeletons have been
studied since the late 1960s and were classified accord-
ing to different applications. Almost all recent researches
have concentrated on making walking aid systems for gait
disorder persons, called rehabilitation active exoskeleton
[2-11]. These exoskeletons belong to active exoskele-
tons. They impose significant interaction forces on the
wearer and assist the wearer during walking. In contrast,
passive exoskeletons, called performance augmenting ex-
oskeletons, were designed with the aim of providing most
of the strength necessary for walking or carrying heavy
loads in an able-bodied user. The goal of these systems is
that the interaction forces should be very small so that the
wearer can walk easily [12-17].

For a performance-augmenting exoskeleton, one of
the major challenges is to control the exoskeleton track
wearer’s movements rapidly and comfortably, without

obstructing the wearer. In other words, the human-
exoskeleton interaction forces must be very small. In or-
der to solve this issue, model-based control algorithms
were used in the literature. Kazerooni et al. developed
a sensitivity amplification control algorithm for their ex-
oskeleton system, called BLEEX [18-20]. The BLEEX
system increases the system’s closed loop sensitivity to
its wearer’s forces and torques without any measurement
from the wearer in its control module [20]. However, this
control algorithm relies on the dynamic model of the sys-
tem without dynamic uncertainty compensation. In order
to decrease the dependence on the dynamic model, Kaze-
rooni et al. divided the entire system into a swing leg
model and a stance leg model. Then they used a hybrid
control algorithm including a position controller for the
stance leg and a sensitivity amplification controller for the
swing leg [21]. Unfortunately, this approach still relied
on the accuracy of the estimated system dynamic model.
Yang et al. developed a control algorithm using neural
networks [22] to estimate the inverse dynamic model of
their exoskeleton system. However, it is difficult to apply
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practically due to the computational complexity. Then,
Yang et al. used an inverse dynamic-based control al-
gorithm that included compensation for uncertainty dy-
namic error by RBF networks as their enhanced control
algorithm [23]. Similar to the impedance control algo-
rithm for exoskeleton systems, this method required com-
plicated force sensors installed in the human-exoskeleton
interaction positions to measure the interaction forces. In
this case, it was difficult to measure the reliable interac-
tion forces due to unstable sensor locations. This approach
also increased the complexity of the system.

At Nanyang Technological University, Low et al. de-
veloped a lower extremity exoskeleton for load carrying,
called LEE [24]. To collect the joint information of the
pilot, they used an inner exoskeleton that was attached to
the pilot and an outer exoskeleton that supported the load
carrying for the pilot. However, this configuration made
the system more complicated and made the pilot feel un-
comfortable during walking.

Another exoskeleton system targeting disabled patients
in hospitals, called HAL (Hybrid Assistive Limb), was de-
veloped by Sankai er al. [25]. However, HAL was also
used to support workers with physically demanding jobs
such as disaster rescue or construction. This exoskeleton
used myoelectricity (EMG) signals as primary command
signals and performed according to user’s intentions based
on EMG signals. The EMG-based controller has major
disadvantages in that the user senses discomfort during
walking and the accuracy of EMG electrode sensors is af-
fected if the system is used by different users. It is not
stable to operate in complicated environments related to
rescue or military.

To solve the above issues, sliding mode control ap-
poaches can be used to design robust controllers in com-
plex dynamic systems. In addition, the PRMI exoskele-
ton is a complex system operating under uncertainty con-
ditions. Therefore, sliding mode control can eliminate
any discrepancy between the real system and its estima-
tion model [26]. However, the PRMI exoskeleton requires
tracking the wearer rapidly without obstructing. The nor-
mal sliding mode control may not solve this requirement
because its asymptotical convergence of system states is
overcome. So, in this paper, we propose an advanced slid-
ing mode control called the global fast terminal sliding
mode control (GFSMC) [27].

Fast terminal sliding mode control can make the sys-
tem states converge to zero in a finite time. The conver-
gent charactersistic of fast terminal sliding mode control
is superior to that of the normal sliding mode control.
Moreover, there is no switch function in terminal slid-
ing mode control; therefore, the chattering phenomenon
is evitable. In this paper, GFSMC is integrated in a hy-
brid controller. By doing so, the proposed controller be-
comes capable of coping with the unknown dynamic un-
certainties and makes the swing leg track the human’s per-

formances rapidly. In addition, the exoskeleton system
avoids using the complicated force sensors installed at the
human-exoskeleton interaction positions.

The proposed control algorithm was verified on our
PRMI lower exoskeleton system. The PRMI exoskele-
ton consists of two subsystems: The first is the swing leg
model controlled by a global fast sliding mode controller
in order to increase the stability of the system. The sec-
ond is the stance leg model controlled by a proportional-
derivative (PD) controller including gravity compensa-
tion. Experimental results show that the proposed con-
trol algorithm can provide good control quality for the
PRMI exoskeleton system without an exact estimation of
dynamic uncertainties. The exoskeleton moved in concert
with the wearer while supporting heavy load carrying with
very small interaction forces.

The rest of this paper is organized as follows: Section
2 describes the dynamic models and the physical human-
exoskeleton interaction (pHEI). Section 3 introduces the
proposed control algorithm, including a PD controller and
a global fast sliding mode controller. Section 4 presents
the PRMI exoskeleton used in the experiments. Experi-
ments and analysis are introduced in Section 5. Finally,
conclusions and future works are discussed in Section 6.

2. DYNAMIC MODELING AND PHYSICAL
HUMAN EXOSKELETON INTERACTION
MODEL

The investigation of the dynamic characteristics of a
multi-DOF exoskeleton system in walking space is very
complicated. The abduction-adduction motions can be
considered as quasi-static maneuvers with little dynamical
effect on the rest of the system [21]. For simplicity, the dy-
namic characteristics of the abduction-adduction motions
in the frontal plane are ignored. Thus, the investigation
of the dynamic characteristics is implemented only in the
sagittal plane as in Fig. 1. The entire PRMI exoskeleton
is separated into two subsystems that consist of a stance
leg model and a swing leg model. The swing leg under-
goes larger motion, but it only supports its own weight
[20]. The swing leg in the sagittal plane is expressed by a
3-DOF series of links (white serial links in Fig. 1). The
stance leg goes through a small motion, but supports the
entire torso and payload. Hence, it needs larger torque.
The stance leg in the sagittal plane is expressed by a 4-
DOF series of links (gray links in Fig. 1).

2.1.  Stance leg model

Stance leg is the leg that is on the ground and supports
the entire body weight as illustrated in Fig. 1. The dy-
namic equation of the stance leg model can be written in
the general form as follows (the subscript “st” indicates
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Fig. 1. Stance leg model (gray links) and swing leg model
(white links).

the stance leg):

Mvt (qe) qg +Cst (qe,q.e) q.e + Gst (qe) - Tact + T;‘nta (1)
where g. = [q1,42,43,q4]" € R**! is a vector of exoskele-
ton’s joint angular positions; T, = [T1, T3, T3, T4]T € R¥1
is a vector of actuator joint torques; My (q,) € R¥* is
a symmetric positive-definite inertia matrix; Cy; (ge,q.) €
R*** s a centripetal and Coriolis matrix; Gy (¢.) € R¥! is
a vector of gravitational torques. At toe and ankle joints 7;
and T, are equal to zero because the two DOFs are not ac-
tuated but controlled by the wearer; T},, € R**! is a vector
of joint interaction torques imposed by the wearer.

2.2. Swing leg model

Swing leg is the leg that has no interaction with the
ground and swings the leg forward as shown in Fig. 1.
Using Lagrange formulation, the dynamic equation of the
swing leg model is derived as follows (the subscript “sw”
indicates the swing leg):

Msw (qe) "je +Csw (Qea QE) q'e + Gsw (‘]e) = chr + T;'nta (2)

where g. = [¢s, 46, q7]T € R¥*!is a vector of exoskeleton’s
joint angular positions; T, = [T5, T, T7]T € R is a vec-
tor of actuator joint torques; Mj, (g.) € R>*3 is a symmet-
ric positive-definite inertia matrix; Cy,, (¢¢,g.) € R is a
centripetal and Coriolis matrix; Gy, (g.) € R**! is a vec-
tor of gravitational torques. 77 is equal to zero because
the degree of freedom is not actuated but controlled by the
wearer. Tj,, € R3! is a vector of joint interaction torques
imposed by the wearer. Refer Appendix section for more
details of M, C, G of the stance and swing legs.

FAANAN— Finteraction
Exoskeleton Human [—»

Fig. 2. Physical human-exoskeleton interaction model.

In the absence of friction and gravity, from (1) and (2),
the interaction torques for the swing leg model as well as
the stance leg model can be written in general as follows:

Tin :M(QE)qe+C(qeaqe)48+G(qe) —T ot (3)

2.3. Physical human-exoskeleton interaction model
(pHEI)

The design of the PRMI exoskeleton was chosen as
a pseudo-anthropomorphic design. The exoskeleton has
leather bands as physical couplings in the middle of the
thigh and shank segments that help the wearer to wear
the exoskeleton. Any motion of the exoskeleton occurs in
contact with a human and any interaction force is exerted
by the exoskeleton on the wearer through these physical
connection points. A spring-damper model was used in
this study to express the interaction forces (see Fig. 2).
This model acts as a physical human-exoskeleton interac-
tion model that was verified in the literature [21].

During walking, the wearer creates interaction torques
that impose on the exoskeleton due to the deviation be-
tween the human’s joint angular position (g;,) and that of
the exoskeleton (g,.). If the exoskeleton is able to track the
wearer’s voluntary motion quickly and simultaneously,
the deviation between ¢, and ¢, is very small. Hence,
the interaction torques tend to zero. In other words, the
wearer moves together comfortably with the exoskeleton.
Consequently, the interaction model presents an interac-
tion torque as a function of (g, 4n, Gn, 4, 4e, de). For many
exoskeleton researches in recent years, a combination of
nonlinear elastic and viscoelastic elements was used as a
compliant connection. The interaction torque can be ex-
pressed as follows:

Tt :k(qh7Qe)+b(q.h*q.e)a (4)

where k and b are matrices of stiffness and damping coef-
ficients of the interaction model, respectively. T;, is a vec-
tor of joint interaction torques imposing on the exoskele-
ton.

3. THE PROPOSED HYBRID CONTROL
ALGORITHM

For exoskeleton robots, human-exoskeleton interaction
(HEI) usually exists during human movements and it
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should be considered in exoskeleton control. HEI in-
cludes a cognitive human-exoskeleton interaction model
(cHEI) and a physical human-exoskeleton interaction
model (pHEI) as in Fig. 3. The role of the cHEI is
to make the exoskeleton recognize the human’s intention
such as phase transition, etc. In the PRMI exoskeleton,
cHEI performs as a phase selector to recognize the next
phase while pHEI implies the physical coupling between
the exoskeleton and the wearer (see Section 2). Accord-
ing to the discussion in the previous section, the desired
interaction torques imposing on the wearer should tend to
zero during movements. Therefore, the proposed control
strategy must ensure that the interaction torques tend to
zero. The basic control approaches to the management of
the pHEI can be classified into two groups: feed-forward
control and feedback control. Feed-forward systems exe-
cute control action using a model-based estimation.

In this paper, the hybrid control algorithm is applied
to the lower exoskeleton, the PD control algorithm to the
stance leg and the global fast sliding mode control to the
swing leg. Actually, enhanced control algorithms can also
be applied to the stance leg. However, according to the
previous analysis, though the stance leg has a small range
of operation, it needs larger required torques while the
swing leg has a larger range of motion but needs smaller
required torques. Hence, joint angular position tracking
is not as important in the stance leg as in the swing leg.
We apply the PD control algorithm to the stance leg and
the global fast sliding mode control to the swing leg in the
second version of the PRMI exoskeleton system.

3.1. Stance leg: PD controller

In the control scheme, the interaction model and gravity
compensation blocks are included as in Fig. 4. We design
the PD controller including a gravity compensator for the
stance leg phase as follows:

nct :Kp (qh*Qe)“i’Kd (qh*qe)“i’GAst (qe); (5)

where ¢, g. are vectors of joint angular positions of the
wearer and the exoskeleton limbs, respectively; Gy; (¢.) is
vector of estimated torques due to gravity; T, is a vector
of joint actuator torques. Substituting (5) and (4) into (1),
we get the closed-loop system as follows:

M (qe) Ge +Cat (GesGe) Ge =(K, + k)G + (K4 +b)§

6
L AGy(q), ©

where § = gy — qe: § = g — Ge: NGy (qe) = Gy (ge) —
Gy (q.) is the gravity estimation error. We assume that the
gravity estimation error is very small (i.e., AGy (g.) = 0)
and we set

Kp =K, +k,

Kp=K;+b,

u=Ms (qg) Gn+ Cy (CIm Qe) qn.

A

Cognitive HRI

Phase Selector

Reference inputs 9, + Hybrid Tact
Controller

Physical HRI

Fig. 3. Hybrid control scheme of the PRMI exoskeleton
system.
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Fig. 4. PD control diagram (Stance leg).

Then (6) is rewritten as follows:
Mst (Qe)q-ﬁ‘(q, (Qe346)+KD)q+KPq: u. (7)

Defining the Lyapunov function
1 T 2 1 ~T ~
V=54 Mug+ 54 Kpq, ®)

where My, and Kp are positive definite matrices, V is
global positive definite.

T o 1
MstQ+ 5

~ = 1 y ~ ~
= qT (Mstq + EMstq + KPQ)

V=g §' MG+ Kpd,

9
Using the characteristic of My (q,) = 2Cy (¢.,4.) we have

V=¢" (My§+Cug+KpG) = —§' (Kp+Cy)§ (10)

with [|Cy (ge, Ge)|| < || Mo, Mo is known, Kp can be chosen
so that Kp + Cy is positive definite. According to Lya-
punov criterion, the system (7) is stable when ¢ — co. That
means § — « or ¢, — qn, Ly — 0; thus, the exoskele-
ton shadows the wearer’s movements quickly with a very
small effort.

3.2. Swing leg: global fast sliding mode controller
The swing leg controller is designed according to the
model-based control algorithm that relies on the precision
of the estimated model. However, it is difficult to estimate
the dynamic characteristics of real systems exactly due to
unknown uncertainties. In such cases, the sliding mode
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Fig. 5. Global fast sliding mode controller (Swing leg).

A

control approaches have proven to be one of the efficient
tools used to design robust controllers for complex non-
linear systems with uncertainty conditions.

However, the PRMI exoskeleton requires tracking the
wearer rapidly without obstructing. The normal sliding
mode control may not solve this requirement because its
asympotical convergence of system states is overcome.
So, in this paper, we propose an advanced sliding mode
control, called global fast terminal sliding mode control
for the swing leg as shown in Fig. 5.

The dynamic equation of the 3-DOF-swing leg is writ-
ten as follows:

Tact + Tir = wa (Qe)qe +Csw (Qevqe) q€+G5W (Qe) . (1 1)

Let the dynamic uncertainty be expressed as follows:

W(qm e, Qe) =AM, (Qe) Ge +ACyy, (Qea 618) qe +AGy, (%)

(12)
with AM,,, = M, — Msw; ACsw =Csy— ésw; AGSW =Gy, —
Gow and My, (q.), Cou(qe,qe)s Gy (ge) are the estimated
values of My, (¢.), Csw (qe,ge) and Gy, (g.). From (11),
we have:

Toet + Tt :Msw (‘Ie) Ge +ésw (‘Iea ‘Ze) ge+ GAsw (Qe)

. (13)
+ W(Qe:QeaQe)
or
. - A , A .
qe :_Msw (qe) [CSW (q€7qe) + Gy (qeﬂ "‘V‘Mswl (qe> Toct
+M:w1 (qe) [Tlm‘ - llf(qmqeaqe)] .
(14)
We set

(15)

Substituting (15) into (14), we have the closed-loop sys-
tem as follows:

Ge = f(qe) +8(qe) Tacr +d(1). (16)

We set x = [x1,X2] = [¢e,Ge], X1 and x, are system states.
Then (16) is rewritten as follows:

=x (17)
dy=f(x)+8(x) Tuy +d (1)

here f (x), g(x) are smooth functions, g (x) # 0, d () de-
notes the uncertainties and |d(¢)| < L denotes the distur-
bances.

Because of the advantages of fast terminal sliding mode
control over normal sliding mode control as mentioned
above, we select the fast sliding surface as follows:

s = G+ oG+ Pog® ™ (18)

with § = x| — gn = q. — qn, q;, 1s human angular position
(desired position command), oy = diag (1, G2, Co3) >
0, Bo = diag (Bor, Poz,Boz) > 0 and go, po (g0 < po) are
positive odd numbers. §%/P = [q‘fo/po, qgo/”O, cjgo/po]T.
The global fast sliding mode controller is designed as:

_ . d _
Ty == ()™ (f (x) = G+ Qo+ Po g™/ + 235

+ys?7),

(19)

where y = diag (11,72, 73) > 0, @ = diag(@1,92,93) > 0.
Let consider the Lyapunov function candidate as fol-
lows:

v=gis (20)
Because
$=q+ aoé+ﬁ0%6?q°/p° =¥ — G+ aoq‘+ﬁo%q‘f°/”°-
ey
Substituting (17) into (21), we get
$= 1 (3) 8 () T ) — i+ 0+ o 7™ (2)
or
§=—@s— P +d(1). (23)
Differentiating V with respect to time in (20) we have
V=sTs=—sTas—sTys??+s7d(r), (24)

where —s” @s < 0 because —s ys?/? +s7d(t) < 0 is sat-
isfied, i, % > || |di(¢)] or % > L’L,-, i=1,2, 3

s:i/l’

1
57
therefore, we have V < 0.

According to Lyapunov criterion, the system (11) with
the control law (19) is stable when ¢ — o0, s — 0, or § — 0.
That means g, — gy, or T;,;; — 0 according to (4). This con-
firms that the exoskeleton is able to shadow the wearer’s
motions with very small interaction forces that tend to
Zero.
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Fig. 6. The PRMI lower exoskeleton system.

4. THE PRMI EXOSKELETON SYSTEM

The PRMI exoskeleton is designed according to a
pseudo-anthropomorphic architecture. The PRMI leg is
kinematically similar to a human leg and has an adjustable
mechanism for different wearers. The entire human leg
has a total of 30 DOFs from the human biomechanics [22].
However, in case of exoskeleton design, it is difficult to
exhibit all the DOFs of the human leg because of the com-
plexity of such a mechanical system. For simplicity, the
PRMI lower exoskeleton system is designed with typical
DOFs at hip, knee and ankle joints. This design allows
the PRMI exoskeleton to respond to any normal human
motions during walking.

Fig. 6 describes the PRMI exoskeleton system de-
signed for human power augmentation. Each leg in the
hip structure has 2 DOFs performing functions of flex-
ion/extension (actuated by Maxon DC motors), and ab-
duction/adduction (non-actuated DOF). At the knee joint,
there is one DOF performing flexion/extension (actuated
by Maxon DC motors). There is one DOF performing
dorsiflexion/planter flexion at the ankle joint and another
one at the metatarsophalangeal joint for flexion/extension
(non-actuated DOFs). Thus, there are only four actuated
DOFs in our system using Maxon DC motors attached to
a harmonic drive gear because the flexion/extension DOFs
of hip and knee play an important role during normal
walking and its energy consumption is also the most. The
other DOFs (i.e., rotation and abduction/adduction at the
ankle and rotation at the hip) are non-actuated joints con-
trolled only by the wearer. Note that the dynamic charac-
teristics of DOFs in the sagittal plane are investigated as
mentioned in the previous section (7 DOFs in Fig. 1); the
dynamic characteristics of the other DOFs in the frontal
plane are ignored because of their negligible effect on sys-
tem dynamics.

The sensor system consists of rotary encoders that were
integrated with DC motors and located at joints to mea-

F.. t_ 1 R nn m
oot pressure : ;
SirEo s haan Central controller board

Fig. 7. Central control board and sensors.

sure the angular positions of the PRMI exoskeleton sys-
tem (g.). Inclinometers were mounted on the thigh, shank
and foot of the wearer via connecting bands to detect an-
gular positions of human motions (g;). In addition, an air
pressure sensor system is located under the boot, including
front and rear areas on each foot, to detect the transition of
the center of gravity during walking. This helps to detect
the phase transition between the two legs.

The PRMI exoskeleton system uses a power unit of 48
V/DC that was mounted on the rear of the waist struc-
ture. The master controller module of the system uses a
microchip ARM Cortex-A8 and communicates with other
modules via the CAN bus protocol (see Fig. 7).

5. EXPERIMENTS AND ANALYSIS

In our experiments, the wearer is a normal 25-year old
male of height 175 cm and weight 61 kg. The PRMI
exoskeleton system is adjusted so that it matches the
wearer’s body. The wearer is made to carry a load of 20
kg on his back (trunk’s weight) and walk with a speed
of 1.3 m/s. According to our analysis, the swing phase
takes about 40% of the whole walking cycle, the stance
phase takes about 60% of the whole walking cycle. The
desired angular positions and velocities (g;) are measured
by the inclinometers mounted on the wearer’s thigh and
shank. The joint angular positions of the exoskeleton (g.)
are measured by the encoders integrated with DC motors
at each joint. The role of each leg is changed from stance
phase to swing phase and vice versa during walking. Air
pressure sensors detecting phase transition at the bottom
of the shoes monitor this process. The estimated physical
parameters of the PRMI exoskeleton system are shown in
Table 1. The experiments were implemented as in Fig. 8.

5.1. Stance leg

The vectors of parameter k and b can be chosen by us-
ing the forgetting factor recursive least square (FFRLS)
method in [28]. k= [182,65,45,34], b= [19,13,8,4]. The
experimental results are illustrated below to validate the
proposed algorithm. Figs. 9 and 10 illustrate the angular
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Table 1. Estimated physical parameters of the PRMI ex-
oskeleton system - right leg (left leg).

Limbs Mass (kg) Length (m) Inertial
Moment
(kg.m2)

Thigh 7.07 (7.12) 0.411 0.091
0.411) (0.093)

Shank 4.51 (4.48) 0.432 0.062
(0.432) (0.060)

Foot 0.81 (0.803) 0.280 0.0105
(0.281) (0.011)

Trunk 20.1 0.22 0.215

20

"o

3
=210
X

oD

=

<<

———=Human

Exoskeleton

0 0.1 0.2 0.3 0.4 d.S 0.6
Time (s)
Fig. 9. Hip joint angular position tracking curves (Stance
leg).

position tracking curves of the exoskeleton relative to the
human motions at the actuated hip and knee joints in the
stance phase. This phase takes about 60% of whole walk-
ing cycle (Is), (the ankle joint is a non-actuated joint and
imposed only by the wearer; therefore, the ankle joint is
not shown in these results).

The maximum tracking error is about 2° at time points
of 0.07 s and 0.56 s at the hip joint. For the knee joint, the
maximum error is about 4° at time point of 0.6 s. Based
on these results, we confirm that the PRMI exoskeleton
is able to shadow the wearer’s motions quickly with quite
small interaction torques shown in Figs. 11 and 12.

The black dash-lines illustrate the interaction torques

40
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2
20t
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Fig. 10. Knee joint angular position tracking curves
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Fig. 11. Interaction and actuator torques at hip joint
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Fig. 12. Interaction and actuator torques at hip joint
(Stance leg).

between the wearer and the exoskeleton. The blue solid-
lines represent the actuator torques. According to these re-
sults, the interaction torques tend to zero while the values
of the actuator torques vary from -30 to 60 Nm at the hip
joint and -100 to 160 Nm at the knee joint. The values are
much larger in comparison with the interaction torques.
Consequently, the wearer does not feel much difference in
motion while wearing the exoskeleton and walking.

5.2. Swing leg

In order to emphasize the advantage of the proposed
control algorithm, we compare the proposed control al-
gorithm with the virtual torque control algorithm [21].
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Fig. 15. Hip joint angular position error (Swing leg).

The parameters are chosen as@ = diag(4,4,3), oy, =
diag(4,4,3), Bo,= diag(7,8,6), ¢ =3, p =15, qo = 3,
po = 15. k=[715,510,323], b= [24, 19, 14]. The experi-
mental results are shown in Figs. 13-18. (The ankle joint
is a non-actuated joint and imposed only by the wearer;
therefore, the ankle joint is not shown in these results).
Figs. 13 and 14 show the hip and knee joint angular po-
sitions of the exoskeleton tracking relative to the wearer’s
motions. The results are compared with the virtual torque
control algorithm in [21]. The blue solid- curves illus-
trate the hip and knee joint position (in degree) of the
PRMI exoskeleton (g,.) that track the desired joint posi-
tion of the wearer, which is illustrated by the black dash-
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Fig. 16. Knee joint angular position error (Swing leg).
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Fig. 17. Interaction and actuator torques at hip joint
(Swing leg).
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Fig. 18. Interaction and actuator torques at knee joint
(Swing leg).

curves (gp). The joint position tracking errors are maxi-
mum at the initial times of the phase (2° at the hip joint
and 3° at the knee joint) and tend to zero at the end of
this phase (see Figs. 15 and 16). These results confirm
that the PRMI exoskeleton swing leg is able to shadow
human motions in time by using the proposed controller.
Meanwhile, if we use an alternative algorithm such as the
virtual torque control in [21] without considering appro-
priate solutions to compensate the dynamic uncertainties,
the hip and knee joint positions are not able to quickly
shadow the wearer’s motions, as illustrated by the red-dot
curves in Figs. 13, and 14. Figs. 17 and 18 show the
correlation between the generated actuator torques (7;.—
blue-solid curves) and interaction torque imposed by the
wearer (T;,, — black-dash curves). The generated actuator
torques (7,) are much larger in comparison with the in-
teraction torques imposed by the wearer (7;,;). The gener-
ated actuator torques are quite large and vary from -/60 to
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+150 Nm and -150 to +120 Nm at the hip and knee joint,
respectively. Meanwhile, the interaction torques imposing
on the wearer (black-dash lines) are quite small (the max-
imum values are -15 to +30 Nm and -30 to +20 mm at the
hip and knee joint, respectively) and tend to zero at the end
of the swing phase. These results show that the generated
actuator torques play a key role to support heavy carry-
ing during walking, and the very small interaction forces
make the wearer swing comfortably during walking.

6. CONCLUSION AND FUTURE WORK

This paper has presented a hybrid control algorithm by
using the PD controller with gravity compensation and the
global fast sliding mode controller for each leg of the ex-
oskeleton. Our results show that the PRMI exoskeleton
has a great ability to enhance human performance during
walking. Indeed, we have reduced the complexity of the
system by focusing on controlling the stance leg and the
swing leg separately. The proposed controller also allows
eliminating the complicated force sensors that were earlier
installed at the human-exoskeleton interaction positions .
Remarkably, the robustness of the system has improved
significantly because the proposed controller is capable
of stabilizing the system against the unknown uncertain-
ties. We have validated the proposed control algorithm
with the PRMI exoskeleton system built by the University
of Electronic Science and Technology of China. Our ex-
perimental results also show that the exoskeleton system
plays a key role in human power augmentation by tracking
the motion and performances of the wearer quickly while
keeping the human-exoskeleton interaction forces really
small. This achievement can be related to the future work
that will be focused on cognitive human robot interaction
to enhance the performance of the robot.
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