TELKOMNIKA Indonesian Journal of Electrical Engineering
Vol.12, No.2, February 2014, pp. 1300 ~ 1312
DOI: http://dx.doi.org/10.11591/telkomnika.v12i2.3867 m 1300

Iterative Learning Impedance Control Based on
Physical Recovery Condition Elevation

He Jinbao*'?, Zhuge Xia', Luo Zzaifei!, Li Guojun®, Zhang Yinchun?®
!School of Electronic and Information Engineering, Ningbo University of Technology,
No0.89 Cuibai Road, Haishu District, Ningbo, Zhejiang, China, Ph.: 0086-0574-87081231
2Department of Biomedical Engineering, University of Houston, 3605 Cullen Blvd, Houston, TX 77204
*Corresponding author, e-mail:perfecthjp@126.com

Abstract

Rehabilitation robots have been designed to improve ability of patients with impaired limbs to
perform activities of daily life. A new iterative learning impedance control (ITLC) algorithm was developed
in the present study based on the physical recovery condition of impaired limbs to improve the
performance of rehabilitation robots. The physical recovery condition elevation of impaired limbs was first
evaluated in terms of periodic force and trajectory tracking ratio (TTR) parameters, and the desired
impedance was then modified on line using the fuzzy method according to the change of physical recovery
condition. Secondly, an adaptive impedance controller was designed and modified using the iterative
learning method. The convergence was analyzed based upon the Lyapunov-like positive definite
sequence, which was monotonically decreasing under the proposed control schemes. Finally, the
simulation experiments were conducted to compare the proposed ITLC approach the traditional
impedance control. Results demonstrate the effectiveness of our learning impedance controller in
rehabilitative training.

Keywords: rehabilitation robot, physical recovery, condition elevation, impedance control, iterative
learning
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1. Introduction

As the population of many countries around the world is aging, people suffered stroke
get more and more, especially those who are in their old age. The patients with stroke may
occur neurological defects, and the limb movement handicap is the most common type, which is
one of the real problems. In the past few years, the rehabilitation of limb movement has
received much attention [1, 2]. Repetitive movements can improve muscular strength of patients
with impairments due to neurological or orthopedic problems. It's an urgent problem that how to
improve the daily life activity of patients with central nervous system injury caused by
cerebrovascular diseases. The development of rehabilitation exoskeletons can solve it. The
impaired limb cannot supply enough strength to complete repetitive movements, and
exoskeleton rehabilitation robot has been designed to assist the impaired limb. Increasing
evidence suggests that rehabilitation robot with the motor control can simplify position and force
control tasks. The designs of robot controller have been studied by many researchers [3, 4],
which can be used for reference.

To design rehabilitation robot controller is one of the most important tasks and major
difficulties. In recent years, a lot of researches have been focused on control system design of
rehabilitation training robot, which mainly includes force control methods, that concerns the
impedance property between robot and impaired limb. Impedance control is one of the main
robot force control methods. F. Caccavale et al [5] described the definition of the elastic
contribution in the impedance equation according to the task requirements, and used an energy
based argument to derive the dynamic equation of a mechanical impedance characterized by a
translational part and a rotational part. Seul Jung et.al [6] proposed a new simple and stable
force tracking impedance control scheme that has the capability to track a specified desired
force and to compensate for uncertainties of environment location and stiffness. E. Akdogan et
al. [7] designed a device for rehabilitation of lower extremities and implemented impedance
force control between robot and knee arthrosis. S. H. Kang et al [8] developed an accurate and
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robust impedance control technique based on internal model control structure and time-delay
estimation to solve the trade-off problem between impedance accuracy and robustness against
modeling error. Patel R.V., et al [9] designed an outer-inner loop controller, that is, the
augmented hybrid impedance control scheme, which concerns robust position and contact force
control for robot arms. However, most impedance controllers are implemented with constant
desired parameters. When the environment condition changed, the impedance controller with
fixed impedance parameters is not effective [10].

The classical linear controllers are not easy to satisfy the requirements of practical use
because the practical situations generally depend on impaired limb’s physical recovery. We
should adjust the controllers during rehabilitation training process. Since repetitive tasks are
generally used in rehabilitation training robots, we should take advantage of the fact that the
reference trajectory is repeated over a given operation time. The iterative learning control (ILC)
techniques can be applied in order to enhance the tracking performance. Kaneko K. et al. [11]
described repetitive motion control schemes for rigid-link robot manipulators. The control
objective was to track a prescribed desired trajectory which was periodic and required repeated
learning trials. Bukkems B. et al. [12] proposed a combination method of ILC and model-based
control to achieve high-quality motion control of direct-drive robots in repetitive motion tasks. On
one hand, model-based and learning components compensate much of the nonlinear and
coupled robot dynamics. On the other hand, the ILC algorithm using Lyapunov and Lyapunov-
like methods has been developed. In the papers of Xu and Tan [13], and Xu [14], the ILC
algorithms have been proposed based upon the use of a positive definite Lyapunov-like
sequence. In contrast to the standard adaptive control, this technique is shown to be able to
handle systems with time-varying parameters. Based on this approach, Abdelhamid Tayebi [15]
proposed adaptive ILC schemes for trajectory tracking of rigid robot manipulators, by performing
repetitive tasks. The base of ILC is the use of a proportional-derivative feedback structure.
Visioli A. et al [16] proposed a new method based on an ILC algorithm for industrial robot
manipulator, which considered hybrid force/velocity control (both implicit and explicit) and was
improved by repeating the task. However, for rehabilitation robot, the physical recovery
condition of impaired limb is hard to get.

There have been some researches on combination the impedance control and iterative
learning theory. Pham Thuc Anh Nguyen et al. [17] proposed an iterative learning control
scheme for impedance control of robotic tasks when the characteristics of reproducing force of
the deformable material was nonlinear in its displacement. Tsuji T et al. [18] developed a new
method to regulate the impedance parameter of the end-effector through learning of neural
networks. Chien-Chern Cheah [19] put forward a method for analyzing the convergence of the
learning impedance system. Byungchan Kim [20] proposed a learning strategy of motor skill for
robotic contact tasks based on a human motor control theory and machine learning schemes.
However, it is difficult to provide a theoretical framework for rehabilitation robot system, and to
guarantee the convergence and guide the applications of such formulations.

The purpose of this paper is to present a novel adaptive impedance controller for
rehabilitation robot which is modulated by iterative learning algorithm with the progress of the
therapy. We also describe a fuzzy method that modulates the impedance error of track and
force between the limbs and robot. Finally, it is verified that the impedance error converges to
zero.

This paper is organized as follows. Section 2 describes the methods for evaluating
impaired limb’s physical recovery condition, and introduces the fuzzy method for modulating the
impedance error according to impaired limb’s physical recovery condition. In section 3, we
design the iterative learning impedance controller for rehabilitation robot. Moreover, the
convergence of the closed loop system is proven using the Lyapunov function to guarantee the
global convergence of tracking error. In section 4, simulation results of traditional impedance
control and ILIC are presented and discussed, which shows our designed controller provides
good dynamic control performance in terms of the change of the impaired limb’s physical
condition.
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2. Research Method
2.1. Physical Recovery Condition Elevation of Impaired Limb

In the present study, so-called robot-aided training strategies are used in the
rehabilitation of patients that involve recognizing the patient's movement intention in terms of
muscular efforts, feedbacking the information to the patient and adapting the robotic assistance
to the patient’s contribution. The best control strategy should be implemented to assist patients
with their movements only as much as necessary. So, at first, we should get the patient's
movement intention, then the rehabilitation robot controller is designed to avoid limb being hurt
again.

However, there are two situations that we don’t want to meet. One is that the patient’s
intention is to move while the impaired limb can’t move in term of its physical recovery condition;
The other is that the patient wants to stop while the impaired limb is able to move. Then the
training intensity of impaired limb is not enough. In view of this, the impaired limb physical
recovery condition can not be negligible, that is, we should consider both patient’s intention and
impaired limb’s physical recovery condition. By now, a few of researchers have focused on this
problem.

Some mechanical parameters of the impaired limb have been used to evaluate its
physical recovery condition [21, 22], but the mechanical parameters, such as damp, stiffness,
may introduce false estimation when muscle spasm occurs. D.J. Bennett has proved through
experiments that the arm mechanical properties were time-varying during ongoing arm
movement [23].

In this paper, we present ﬁke (the periodic force error between robot and impaired

limb) and TTR (trajectory tracking ratio) to estimate the impaired limb’s physical recovery
condition. Since these coefficients are obtained in one movement period, it may avoid unusual
situations affecting the final judgment, such as muscle spasm and stiff. Figure 1 gives the block
diagram of proposed ILIC system which is mainly composed of estimation of impaired limb and
iterative learning. In order to improve the effectiveness of recovery training, we modify the
reference force on line according to the estimation of impaired limb, and design impedance
controller with iterative learning method.

Trajectory qd + i_ qk
planning - »| Impedance Tk Rehabilitation Force and
control > robot » position
» (Eq.5) (Eq.4) sensor
Fg @ T
Reference kd 2 ke
force . .
F - N Iterative
ki learning(Eq.6)
— ., . Estimation of |
[ ,TTR < Fuzzy method [« impaired limb [¢

Figure 1. Block Diagram of ILIC System

The target impedance between robot and impaired limb is expressed [21] by:
M X, () +C,4 Xke(t)+ Ky Xke(t) =Fq¢—F =F.) )

Where X,, =0, (t)—q,(t). M,,C, and K, € R" are positive definite matrices which specify
the desired dynamic relationship between the reference position error and the interaction force,
and (4,qQ, € R" are the reference position and real position, respectively. Fq and F, are the
desired force and real force, respectively.
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To obtain the reasonable impedance, the target impedance should be modulated
according to the impaired limb. The target impedance can be described as:

de = (1 + 5) F(k—l)d 2

Where F,Fy ;4 are the k_th and (k—1)_th target impedance, and & €[-0.5,0.5] is

the adjustment factor on impaired limb condition. F, = F, —F, . F, is the actual force.
The impedance error is defined as:

wke:deke(t)+Ckae(t)+deke(t)_er(t) 3)

In order to improve the robustness and practicability of the algorithm, we use
parameters of TTR and F, to estimate the impaired limb’s physical recovery condition. The

TTR can be obtained by actual trajectory length divided by total trajectory length in one

periodic movement. The F, can be given by:

F -

N —_—
2 F
k=1

|-

Where T is the time of one periodic movement, and Ifk is the real force of robot’s end-effector

obtained from the force sensor. The changes of Ifk (Alfk) and TTR(ATTR) are used as

inputs of fuzzy controller, and the desired impedance is used as the output, namely, Ag . All
these inputs and output variables are scaled and mapped to five Gaussian membership
functions, namely, negative big (NB), negative small (NS), zero (ZE), positive small (PS) and
positive big (PB), respectively. Membership function of every variables is defined as Gauss

function. Table 1 is the fuzzy rules between inputs (Alfk and ATTR) and output.

Table 1. Fuzzy Rules

Ag ATTR
NB NS ZR PS PB
NB PB PB PB PS ZR
Alf NS PB PB PS ZR NS
k ZR PB PS ZR NS NB
PS PS ZR NS NB NB
PB ZR NS NB NB NB

In general, the patient's movement intention can improve the movement ability of the
impaired limb, which shows in the changes of F,  (AF,) and TTR (ATTR). Therefore, the

desired impedance can be turned according to the impaired limb physical recovery condition
regardless of patient’s intention.

2.2. lterative Learning Impedance Control

In this section, we present the iterative learning impedance control (ILIC) algorithm for
rehabilitation robot. Impedance controllers are well designed in the field of interaction of robotics
and human-system and applied in robot-aided upper extremity therapy of stroke patients [24].
The basic idea of the ILIC strategy applied to robot-aided training is to allow a variable deviation
from a predefined limb trajectory rather than impose a rigid pattern. This amount of deviation
depends on the patient’s effort and behavior. An adjustable time is applied at each joint in order
to keep the limb within a defined range centered on the predefined trajectory.

Iterative Learning Impedance Control Based on Physical Recovery Condition... (He Jinbao)
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2.2.1. System Model

Using the Lagrangian formulation and considering the contact force and the constraints,
the motion of the constrained rehabilitation robot is expressed by the following equation with
degrees of freedom.

M (q,)d, (1) +C(q,,q,)4, (1) +G(a,) =7, + 7, (4)

Where ¢, 0,0, € R" are the robot joint position, joint velocity and robot joint acceleration
vectors, respectively. M (g,) € R™ is the inertia matrix. C(q,,d,)d, € R" contains the
centrifugal Coriolis and centrifugal forces. G(q,) € R"is the vector resulting from the
gravitational forces. 7, € R"is the control input vector containing the torques to be applied at

each joint. 7, € R" denotes the vector containing the external torque and un-modeled

disturbances.
Assuming that joint positions and joint velocities are available for the feedbacks from

sensors, our objective is to design a control law 7, to guarantee the boundedness of ¢, (t) and
@,(t),te[0,T]. @, (t) converges to zero and ¢, (t) converges to the desired reference

trajectory (, (t) for Vt €[0,T] when K tends to infinity.

We assume that the rehabilitation robot has the following properties which are common
to robot manipulators.

(A1) M (q,) € R™ is symmetric, bounded, and positive definite.
(A2) The matrix * M (g,) —2C(q,, G, ) is skew symmetric, and M (g, ) = 2C(q,,d,) -

(A3) G(a,)+C(ay, G, )dq (t) =m(ay, qk)gT (t), where 77(qy.d) € R™™™ is a known matrix
and £'(t) e R™ is an unknown continuous vector over[0,T].

A%) [IC(a. d)| <k [ ].|Ga)| <k, Vte[0,Tland Vkel

unknown positive parameters.
For rehabilitation robot, we make the following reasonable assumptions:

(B1) The reference trajectory and its 1st and 2nd time-derivative, namely q,,q,and ¢, , as well

4+

where k and k; are

as the 7, and target impedance F, are bounded forVt €[0,T], and”M (g, —z'd”S a,
a>0.
(B2) The resetting condition is satisfied, that is, g, (0) — g, (0) =4, (0) - ¢, (0) =0, vk el ,

(83)|(M -M, +C-C,)Cl; ~M 'd, | <& ,0>0

2.2.2. Iterative Learning Impedance Controller (ILIC)

In this section, we present the iterative learning impedance controller (ILIC) for
rehabilitation robot.
Theorem 1: Consider rehabilitation robot system (4) with properties (Al-A4) and
assumptions(B1-B3) under the following control law:

7. (t) = M[K, @, (1) + Cay (1) + 6, (1) sgN(@ (1))] ®)
With,

G (t) = 61 (1) + P, SIN(@ (1)) ©6)
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Let T'<p' sgn(@,,)sgn(@,.)", and T' =K, (||qd ||)max be satisfied, then I!im @, = I!im @, =0,
||<im G, = l!im G, =0. In control law (5), (6), o (t)=[¢c'(t) o] . and &(t) is the

estimation value of @(t) that éﬁl(O)=O. The matrix ¢(@,,,@,,) € R™" is defined as
¢(wke,z'vke)=[77(qk,qk) sgn(dk)], where sgn(-) is the signum function. The matrix

K, € R™, p e R™ are symmetric positive definite.

2.2.3. Proof of This Theorem
The proof of this theorem is in three steps.The first step is to prove that the positive

definite Lyapunove-like function is non-increasing and bounded with respect to K . In the second
step, we show that the resetting value of Lyapunove-like function is bounded for all t €[0,T]. In

the—last step, we get the results, that is, 1I<im @, =lim@, =0, limg, =limg, =0
o k—o0 k—o K—>o0
(1) Step 1: Choose the following Lyapunov-like composite energy function

.~ . 1, i~
V(. d.0,) :Uk(wke,wke)+zjoak(r)p ‘o (r)dr (7

Where 6, (t) = o(t) - o, (t)

The term U, (@, @) in (7) is written as:

. 1 1 ., . 8
Uk(wke’wke)=EwkeKPwke+EwkeM (9)@ (®)
The difference of V, is given by:

1t 1 - 1
AV =V, =V =U =U i+ [ (61 (0)p 76 (1) = 6, u(2) p 6 (e )d e ()

Define o, (t) =6, ,(t) -6, (1), then:
G4(1) =5, () + 6, (1) (10)
Using (10), we have:

t 1~ o 1~ t . 1~ _ - 1, -
[ 61 (@)p76,(2) =6, ,(2)p 6, (2Nd7 = [ (6] p6, (6, +6,) p (6, +6,))dT

t _ 1~ _ 1~ - 1~ t _ 1 N 1

= IO [—(o{p ‘6, +6, p 6, +6, pio, )Jdr = IO |:—(O'kTp ‘G, +26, p lak)]dr
Hence,
AV, =U, —UH—% j; (6] p6, +26] pe,)dr (11)
For,

[[U,()dr=U,(1)-U,(0)

Iterative Learning Impedance Control Based on Physical Recovery Condition... (He Jinbao)
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Hence,

Uk(t)=Uk(O)+I;Uk(r)dr

While,
. . T T .. 1 T a7 .
U,(t) =o.Kea, +@, M (q,)d,, +§wkeM Q)@ 12)
Therefore,
t . ) . 1 ... )
U () =U, (0) + [ (@Ko + 3 M (0)F + 580 M (6,).)d 7 (13)

Consider the rehabilitation robot system property that the movement speed is slow, we
can obtain:

Dy = deke(t)+Ckae(t)_er(t) (14)
T, M X, (t)-F(t) (15)
T My Xke (t)- I':'ke (t) (16)

Using (14), (15), (16) and (4) in (12), in view of (A2), we obtain:
H - T - T .. l T 7 .
U, (t) =a.Keay + 7 M (0,7 +EwkeM ()@

. .1 :
= zU;—e(KPZUke +M (qk)wke +E M (qk )wke) (17)

~ (Mkae - Iike)T(KP(Mkae +Ckae -F)+M (qk)(Mkae -Fe)

1 . . . . .
+EM @)M X, -F.)-CF,.-MF,)

While X,, =0, (t) —q, (), hence:

U'k(t)ztﬂe[('\/l ‘M, +C-C,)Cq, +M 71(qu +G -7, —14)]

+ KoM X, —K.F, +(CM , +K,C,)X, —CF, - MF.] 42
According to assumption B3, we obtain:
LM M +C-Cy)Cl; —-M "d,]1< o0 =@ asgn(a]) (19)
Using (18), (19) and property (A3), we obtain:
J.;U'kdr < J.Otzﬁge[prke +Ca,,—M 'z, +asgn(X,.)+M " dr (20)

Since,

¢ =[n(a.04) sgn@)] o, (1) = {GT (t)}
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We obtain in view of (10):
I;Uk(r)dr < J‘Otw'kTe[KPmke +Ca,,-M 7, +¢o Jdr (21)
Substituting control law (5) into(13), hence:
U, (1) <U,(0)+ [ @y, (6, 50n(a,.) + T @, )d (22)
Substituting control law (22) into(11), we obtain:
AV, =U, U, - ['(6] p 6, +267 p'6.)d
Kk =Y~ k—l__jo(okp oy +26, p o,)dr
2 (23)
te. - . . 1+ - 1 -
< U, +Io[w:e (6 son(@,.) +T'a,.) _EGkTP ‘6~ 6 p o lde
From (6), we obtain:
Gy p O =B P’ Sgn(wke)sgn(wke)zjkTe (24)
Gip o, =d,.6, sgn(a,.) (25)
Substituting (24), (25) into (23), so:
_ _ _1 LIPS SN ~T 1~
AV, =U, -U,, EIO(ka oy +26,p oy )dr
(26)

< U+ [oh (6, s0n(@,) + T a,,) —%&;p-l&k 6T ple, 1dr
< Uy = [l (0" san(@,,)59n(3,,) - D)o de

While T < p' sgn(@,,)sgn(w,.)" , one can obtain:

AV, <0

Therefore, the Lyapunov function V, (@,,, @,,,5,) is non-increasing.

(2) Step 2: This step is to prove that V, (@,,, @ ., G, ) is continuous and bounded when k =0.

Chose k =0, we obtain:
p - . . 1.+ .
V, <@g (6, Sgn(w0)+l"wo)+§agp ‘G,
<|@o|6y + @, I @, +%5Jp-150
For 2ab<a’+b?

Then,

T -
|ZUO|O'O < E(wé +0'§)

Iterative Learning Impedance Control Based on Physical Recovery Condition... (He Jinbao)
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Hence,
S|zﬁ0|o~'o+zﬁgrwo+%6‘gpla~o
1. - . 1 I
<50 1607 + A O30+ Aas (o0

<2 @ 2 O [+ W 2 (06

Aqax (®) is the max eigenvalue of (e), therefore, V,(t) is continuous and bounded.
(3) Step 3: To prove the Continuity and boundedness of V, (t)

V, (t) can be rewritten as:

k
V(1) =V, + D AV,

=i

From (26), we can obtain:
IRIEES
And,

Kk Kk
Vk(t)SVO—ZUjSVO—%Z[w Kewj, +@ ;M@ ]
j=1

j=1

Therefore:

1 . .
Ezl[w}erwje +wJTeM wje] <V, -V, 2V,
=

Thatis, V, (t) is continuous and bounded.

From the Step 1, Step 2 and Step 3, we can obtain that |I<im @, =limaz, =0,
—0

K—>o0

limg, =£imdk =0, Vte[0,T]

3. Simulation Results
For two-joint rehabilitation robot, the system model can be written as:

M (q,)d, () +C(q,,q,)q, (1) +G(q,) =7, + 7,

Where,

m m . c c
M(qk): 11 2, C(qkiqk): H .
m, —m, Ca Cpn

my, =ml2 +m, (17 +12,+2L1,cosq,)+1,+1,
my, =my, =m, (15 + 11, cosq,) +1,
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m,, = m2|022 + |2
Ch = _m2|1|c2 sin d, -0,
Cp = _m2|1|02 sin g, (q1 + qz)
Cy = m2|1|c2 sin -0,
| (mylg; +m,l)gcos g, +m,l,gcos(q, +4,)
G(ay) =
m,l.,g cos(a, +q,)

r, =[d, sint d, cost], where d_ israndom signal with amplitude 1.
The parameters of rehabilitation robot are chosen as m,=m, =1, |, =1,=0.5,
,=1,=02, 1,=1,=0.05.

c2 —

C

21 T T T T 25 T T
—reference —reference
Ur cflue e 24,;‘": " {raditional confrol| |
|+ I
£ i
& b
o H - o
£206: s
g H 82
S0 3
o I So1t
S0 ¢ §
£ el i
— — -
158 1 Il 1 Il 1 Il L 1r | 1 |
0 01 02 03 04 05 06 07 08 08 1 0 o 02 03 04 05 08 07 08 08 1
tirne(s) fimefs)
Figure 2. Constant Force Tracking Using ILIC Figure 3. Constant Force Tracking Using

Traditional Control

For constant force tracking, the desired positions of two joints are qd1=sin(24t), and
qd2 =cos(27t). To guarantee the same between desired positions and real outputs at the
beginning, the real output is set to be S(0) = 2. With the control law (5), (6), and the resetting
condition, and K, =12-eye(2), p=15, M, =C, =1, K, =0.5, we get the constant force

F., =2.The starting state of jointl and joint2 is S'(0)=[0 0 1 Of which refers to the
position and speed of joint1 and joint2, that is S (0)=[positioh speed positiod speed] .

T [R— — T T T
—ic | Ir . —ILc
o rerence | efrence

05r

ILIC force tracking
ILIC force tracking
=

| I | I I L L | L L
001 02 03 04 05 06 07 08 09 00t 02 03 04 05 08 07 08 08 f
time(s) limefs)

Figure 4. The Variable Force Tracking of the Figure 5. The Variable Force Tracking of the
First Iteration Third Iteration
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ILIC force tracking
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0 01 02 03 04 05 06 07 08 09 1
time(s}
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Figure 6. The Variable Force Tracking of the Figure 7. The Variable Force Tracking of the
Fifth Iteration Eighth Iteration
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ILIC force tracking error
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0 01 02 03 04 05 08 07 08 09 1
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Figure 8. The Variable Force Tracking Error of  Figure 9. The Variable Force Tracking Using
Iterative Process Traditional Impedance Control
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Figure 10. The Position Tracking Using ILIC of  Figure 11. The Position Tracking Using ILIC of
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Figure 12. The Speed Tracking Using ILIC of Figure 13. The Speed Tracking Using ILIC of
Jointl Joint2
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For variable force tacking, the desired positions of two joints are qd1=sin(2zt), and
qd 2 =cos(27t). To guarantee the same between desired positions and real outputs at the
beginning, the real output is set to be S(0)=0. Applying the control law (5), (6), with the
resetting condition and K, =10-eye(2), p=10, M, =C, =1, K, =05, we get the
impedance which is variable with F,, =sin(2at). The starting state of jointl and joint2 is

S(0) =[O 2r 1 O]T, which refers to position and speed of jiontl and joint2. The total
iterative times are 8.

4. Discussion

Figure 2-Figure 3 show the constant force tracking results using ILIC and traditional
impedance control, respectively. For constant force tracking, using ILIC, the time regulation is
less than 0.06S and the overshoot is about 5%, while using traditional control, the time
regulation is about 0.09S and the overshoot is about 20%. The steady_state error caused by
using ILIC is much smaller than that by using traditional control.

Figure 4-Figure 7 show the variable force tracking results of end-effector after one time
iteration, three, five and eight times iterations, respectively. From Figure 4-Figure 7, we can
roughly find out the force error converging process of ILIC. The force tracking error of end-
effector is large after one time iteration. After two times iterations, the force error becomes
smaller. At the eighth time iteration, the force error is nearly zero. Figure 8 shows the force
tracking error convergence process of the 8 iterations. The horizontal ordinates denote time,
and the vertical coordinates denote force. To simulate the actual situation, we use variable
force. It should note that the force refers to end effect force of the two-joint rehabilitation robot.
Furthermore, the force should be turned on line according to impaired physical recovery
condition. Therefore, it is reasonable to apply variable force, which better meets the actual
situations. Fig.9 shows the variable force tracking results using traditional impedance control.
From the simulation results, we can find out using traditional control, the force tracking error is
+0.1N , while using ILIC, the force tracking error is =0.03N .

Figure 10-Figure 11 show the position tracking results of jointl and joint2 using ILIC,
respectively. Figure 12-Figure 13 show the speed tracking results of jointl and joint2 using ILIC,
respectively. The position and speed tracking errors tend to zero with the iterative learning,
which is small enough to satisfy the requirements. The simulation results show that the
proposed ILIC is effective.

Through comparisons of numerical simulation results, the overshoot for constant force
tracking is larger than variable force tracking. The reason is the different starting state of

position and speed of joints that one is S'(0)=[0 01 O]T, and the other is
s©=[0 2z 1 0f.

Note that, in practical applications, since the joint speed information is estimated by
derivative method of position signals from encoders, the measurement noise will accumulate
through the iterative process. It is necessary to limit the tracking error and stop iterative learning
process.

5. Conclusion

The adaptive ILIC scheme has been proposed for the position and impedance tracking
problem of rehabilitation robot with external disturbances. The proposed ILIC was modulated by
impaired physical recovery condition, which makes the rehabilitation process more reasonable
and effective. Our proposed scheme can improve the effectiveness of rehabilitative training and
avoid hurting the impaired limb again. The changes of force and TTR were used as inputs of
fuzzy controller, and the desired impedance was used as output. Then, we designed adaptive
ILIC that was modulated using iterative learning method. The proof of convergence was based
upon the use of a Lyapunov-like positive definite sequence, which was shown to be
monotonically decreasing under the proposed control scheme. Finally, for two-joint rehabilitation
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robot, the simulation experiments of our proposed learning impedance control scheme were
compared with that of the traditional impedance control, which confirms the effectiveness of our
learning impedance controller.
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