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Abstract: A new sufficient condition proof for the comvergence of D-type iterative learning control algorithm is provided
and the climical experiments applied o the control of both elbow flexion and wrist flexion with function neurcmmscular stimula-
tion (FNS) is given by means of D-type iterative learming control method. The results of clinical studies have demonstrated that
D-type iterative learming controi algorithm is suiteble for improving the dynamic response charactetistics and stabilizing the limb
motion. Furthenmore, the stmulated patient does not have any bad physiological reactions because the output electrical stimula-
tion phases vary geotly.
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1 Imtroduction

The iteraive leamning control method is receiving in-
creasing attention as an alternative for controlling uncer-
tain dynamic systems in a simple manner, which is pro-
posed by Uchiyamal'! and elaborated as a more formal
theory by Arimotol®3 and some other researchers(*~ 9.
The idea is based on the use of repeated trials of tracking
a preassigned trajectory. During each trial, the current
trajectory difference between the real trajectory and the
reference trajectory are recorded and to be exploited by a
snitable algorithm in the pext trial, with the aim of pro-
gressively reducing the trajectory errors. It is a recursive
online control technique that relies on less calculation
and requires less a priori knowledge about the system dy-
namics because the algorithm is independent of the plant
dynamics. To a great extent, the convergence of the al-
gorithm applied is the key to obtain desired trajectory-
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tracking perfomance. Many rescarchers!® ! are devoted
10 give more peneral convergence conditions for a variety
of typical algorithms for a given system. One of the
main objective is to relax or eliminate the restrictions of
the convergence conditions for the iterative leaming con-
trol algorithms

In this paper, another sufficient condition for the
convergence of D-type iterative leaming control algo-
rithm is discussed and then the convergence proof of the
algorithm is given. In comparison with the conventional
method, the clinic experiments for elbow flexion and
wrist flexion motion with function neuromuscular stimu-
lation (FNS) have been conducted by means of the pro-
posed D-type iterative leaming conirol alporithm. The
proposed method is shown to be applicable for the limb
motion control based on function nepromuscular stimula-
tion .
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2 Problem statement
Consider a linear discrete system
{x(")(n +1) = A(n)x“‘)(n) + B(n)u(”(n),
y(")(n) = C(n)x¥(n).
(1)
The D-type iterative leaming control law is defined
ag(27-8]
250 (n) = 2 (n) + Fln)(e B (n + 1) - e%(n)).
(2)
Let ¥*(n)(0 < n < V) be the desired output trajec-
tory and € * > 0 a tolerance bound. Under the condition
that the matrices A(n),B(n),C{n) are not fully
known, we wish to find a suitable control function
2 ¥ (2)(0 < n < N), such that the corresponding out-
put trajectory ¥* (=) of the linear discrete system (1)
satisfies
EGP(R)) = | #r)-yPn)lge*, 0gn g V.
Nomenclature:
| - |l denctes the Buclidean norm:
n € 0,1, N};
k is the iteration ordinal number;
eF(n) = ¥(n) - y'¥(n) € R¥is the cutpat er-
ror vector in the &-th iteration;
¥ (1) € R is the output vector in the k-th itera-
tion ;
¥*(n) € B is the desirable output vector;
¥ (n) € R is the state vector in the k-th itera-
tion;
29 (n) € B? is the desirable state vector;
2 (n} € R’ is the control vector in the &-th itera-
tion;
u*(n) € I is the desirable control vector;
%Y (0) € R is the initial state vector in the &-th it-
eration;
y#(0) € RY is the initial output vector in the &-th
iteration;
y{9{0) € R7 is the desirable initial output vector;
I'(n) € R is the iterative leamming gain matrices;
A(n) € RP*? is the system matrices;
B(n) € RF*" is the control matrices;
C(n) € R?” is the output matrices;
p is the order of the system;
r is the dimension of control vector;
g is the dimension of output vector.

Theorem Suppose that the discrete system (1) sat-
isfies the following two conditions:

I 7-Bmr(a)Ca+1)l <cp<l,0gnr
< N;

ii) 24(0) = 2%, yP(0) = ¥4(0), & = 0,1,2,--.
Then, for a given desired cutput trajectory ¥*(n)(0 <
n < N), the iterative control law of equation (2) guar-
antees that, for each n € {0,1,---, Ni,

y B (a) = ¥ (n) as k— .

Proof Letx'*(0)and uf¥{n){0< n < N)bethe
system initial state and control input respectively, for a
given system in equation (1}, whose solution can be de-
scribed by

29 (a) = @(n.0)x4H0) +

g@(n,s + DB()u¥(s), (3)

Dgsng N+,
where $(n,s) is the state transition matrices satisfying
{@(n,s) = Ala - DA(r - 2)---A(s),n > s,
P(s,5) = 1.
Applying equation (3) gives
x“‘"‘l)(n 1) =

&(n + 1,00x41¢0) +

S 0(n + 1,5 + DB()utI(s),

a=0

Ogsng N
Denoting 3*?(n) = 2%(a) - ¥ (x) and then com-
bining equations (1) and (2) lead to
u“‘"‘l)(n} =
g9 (n) + F(aXe®P(a + 1) - ¥ (r)) =
B9(n) + F(n)Cln + 1136 (n + 1) -
r(a}c(a)d'P(n).
Therefore
x(h-l)(n +1) =
O(n +l,0)x“‘+“(0)+i: S(n+l,5+ DB s+

=l

S (nsl,5 £ 1DB()T()C s 41)86 P (s 41)

=0

E S n+1,5+DBOIM(2)C(5)8x% (),

1=0

O<nghN.
Then, the state error vector in (k5 + 1) iteration can be
obtained,
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U (n ¢ 1) =
Sln+ 1) -5 ns1) =
Hn+1) -5 (nel) -

S B(nstl,s+1) BT CCs + DasP (s 41) 4

=D

S @(n+1,s+1)B(s)T(5) C(s)8sD(s) =

1=0

[7-B(a)P(n)C(n + D18x%{(n +1) -

S 0(ns1,s+1)B(IT()Cls+ D)o P (41 +

=0

S @(n+1,s+1)B(s)(s)C()aP ().

=0

Taking norms of both sides results in
8 (n ¢ 1) <
| 1-B(n)T(nYC(n+D) || - | ¥ n D) || +

i @ n+1,s +DB(IT()C s +1) [I-l] 855 (s + DIl +

s =0

S | @(n 41,5+ DBETEICE) |+ 1 8@() || <
¥=0

el 8 (e ) +2k1§ o' ® s+ 0,
1=0
where

k] = su
OgagMNlgsga

| ®¢{n +1,s +

I)B(s)P(s_)C(s +1 .
Noting that in the above derivation the initial condition
y®(0) = y9(0)(k = 0,1,2,--) has been employed.
Then, multiplying by expoential A**!(0 < A < 1) yields
2 Y (ae) | <

™ &S+ DI+
n-1

2k 22 | &P G+ D <

a=0

PELadll 7S CRS D |
n-1

2k 20 A sup 1A &9 (s + D 1] <
Ogag ¥

a=0
a8t (n s DI+
N
2k, AQ1 =A%) sup 1A | ' (ne) | 4,
1 - A M4
O<n<g N
The definition of || « || ; indicates that

sup 1A>*1 || SN D} <
Oug; negg N

o sup {a" ] &% (a+ 1)}, 0 ng N,
dgngh

- _
where p =p+2k1A—(%_~;—l.Becauseofp< 1, we

can choose a sufficient small A in onder to makep < 1,
therefore
lim augliﬂ.’ | &' (n) 1 =0,

o 1gng
Thus
[ 8 ||y =0, (k—>=).
We also know
I ()l < I el - a2 1.
Multiplying by exponential A*(0 < A < 1),
rle®)l <
I ()l -am ] &®(a) | <
Bt o {(n)l, 1gsng N1,
where k; = o | €{n)|l. By the definition of
| « Il »» we have
suem{)-“ | B ()] <
k"; U

lgag
far | &a=®(n + DI 1.
ng Vel

'I'hus,kl_i_m sup l{)." | e“*(n) || | = 0. Furthenmore,

® lag N

the proof of the theorem can be finished by employing
condition ii) .
3 FNS limb motion control system
3.1 FNS system

A typical FNS system consists of several units includ-
ing reference inputs, computer, stimulating rmap, mult-
channel stimutators, safeguard devices, angle sensors,
signal transformer and so on, as shown in Fig. 1 and
Fig.2.

Fig. 1 NS test instrumentation

Stimulating - Stimulators |
Map
T '
3 ' 1
2.
g 5 | Safegurad
s & Computer Devices
= *
Signal Joint Angle
Transformer | |  Sensors
.

Fig. 2 Simplified block diagram of FNS sysiem
3.2 Mechanism
According to the specified motion control patters or
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desirable motion control strategies, the electrical pulse
signals ( amplitude, frequency and width are adjusted)
are generated by means of computer associated with a
special control algorithm. Then, the pulses are mapped,
amplified and transformed into required stimulating se-
guences which are directly put on the multi-joint-control-
lable-muscles (e. g. biceps brachii, long palmar muscle
etc.) via the stimulators. Consequently, a desired pos-
ture or movement of human musculoskeletal system is
generated becanse the movement nerves are stimulated .
During the movement nerves are stimmlated, the ad-
vanced nerve center are also actuated through the spinal
cord by the afferent neural. It is helpful to cerebral cor-
tex to be excited after movement paltern signals are ap-
plied repeatedly. The basic functions of paralytic limbs
can be improved permanently, and finally the movement
functions of human body can be controlled or partly re-
covered. !

In closed-loop FINS system, the dual-joint movement
state can be measured by means of two angle sensors
mounted on the motion axis centers of the elbow joint
and the wrist joint. Those state signals are sent to FNS
computer after having been preprocessed through signal
transformer .
3.3 Measuwrement scheme of dual-joint motion
angle

The task of FINS system was to specify a set of muscle
stimulation parameters that can generate a desired move-
ment of human skeletal system. In this paper, human
musculoskeletal system (elbow joint and wrist joint) are
controlled through both biceps brachii and long palmar
muscle. The performance of FNS system based on one
control algorithm is primarily evaluated by means of
tracking performance of dual-joint motion angle. The
measurement scheme of both the elbow joint angle and
the wrist joint angle is shown in Fig.3.

@ angie sensor

¢lbow jomt angle

wrist joint angle

Fig. 3 Measurement scheme of two joint motion angles

4 Experiment results

To show the validity of the proposed D-type iterative
leaming control algorithm, two clinical experiments ap-
plied for elbow and wrist flexion motion control with
FNS are illustrated by two different control algorithms.
One with the conventional control algorithm'™! and the
other with the D-type interative learming control algo-
rithm stated above.,

As shown in Fig.4, it can be seen that the tajectory-
following curves of the elbow and the wrist flexion mo-
tion with conventional control algorithm are characterized
by sharp oscillation. Furthermore, the stimulating signal
fluctuates severely. The clinical experiment shows that
the patient does not feel very well and has cbvious pains
in the muscle when such stimulating signal obtained from
conventional algrothm is stimulated to the muscle.
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1— Stimulating signals
2— Real angular of elbow and wnist flexion motion
3— Desired angular of elbow and wrist flexion motion

Fig. 4 The trajectory-following curves of clbow
and wrist flexion with conventional control

Angle/(*).Pulserus

Angle /(" ),Pulse/us

Time/ms

1— Stimulating signals

2— Real angular of elbow and wrist flexion motion

3— Desired angular of elbow and wrist flexion motion
Fig. 5 The trajectory-following curves of elbow and wnst

flexion with D-type iterative leaming control
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The trajectory-following curves of elbow and wrist
flexion with D-type iterative leaming control are avail-
able in Fig. 5. Note that the proper choice of iterative
learning parameter I" is very important for the conver-
gence of D-type algorithm, There are a little difference
of the parameter I” for the elbow flexion motion and the
wrist flexion motion. I' is about 0.8 ~ 1 for desirable el-
bow flexion control and around 0.4 ~ 0,7 for desirable
wrist flexion control. Obviously, Fig. 5 shows that the
trajectory-following curves of both the elbow and the
wrist flexion are very close to the desired output trajecto-
ries. Also, the stimulating signal varies smoothly. In
particular, the clinical experiment shows that the patient
does not have any pains while the stimulating signal gen-
erated by D-type iterative leaming control algerihtm is
acted on human body.

5 Conclusion

1) A new sufficient condition for the convergence of
the D-type iterative learning control algerihtm has been
given. Also the clinical experiments show that D-type it-
erative learning algorithm could be applied to the stable
control of both the elbow flexion and the wrist flexion,
which is better than any other conventional methods.

2) Further research should be directed towards the re-
laxation restrictions or the elimination of the assumption
on the initial conditions and generality of the iterative
leaming algorithm for limb motion control with fimction
neuromuscular stimulation. For the time being, the
adaptive iterative learning algorithm world be a signifi-
cant development.
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