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ABSTRACT cord injuries (SCI) ([1]). For SCI patients, there are some mus-

Functional electrical stimulation (FES) has been used to fa- cles below the injury level which are still innervated, though not
cilitate persons with paralysis in restoring their motor functions. Volitionally controllable. FES uses surface or implantable elec-
In particular, FES-based devices apply electrical current pulses trodes to generate current pulses in intact motor neurons to pro-
to stimulate the intact peripheral nerves to produce artificial con- duce muscle contractions, generate joint torques and then the cor-
traction of paralyzed muscles. The aim of this work is to develop responding joint movements.

a model reference adaptive controller of the shank movement via There are two kinds of FES control strategies: open-loop
FES. A mathematical model, which describes the relationship and closed-loop. Due to its simplicity, the open-loop FES has
between the stimulation pulsewidth and the active joint torque peen used since 1960's ([1]). However, open-loop FES devices
produced by the stimulated muscles in non-isometric conditions, cannot adjust the output according to the actual effect and may
is adopted. The direct adaptive control strategy is used to addressrequire users’ intensive support for balancing. By comparison,
those nonlinearities which are “nearly parameteriZEd (LP) Since the ClOSGd-lOOp control has several advantages over the open-
the torque due to the joint stiffness component is non-LP, aneural |oop, such as better tracking performance and less sensitivity
network (NN) is applied to approximate it. A backstepping ap- to modeling error and parameter variations ([2]). However, the
proach is developed to guarantee the stability of the closed loop classical feedback control has found very limited application in
system. In order to address the saturation of the control input, clinical use of FES since it cannot always guarantee the stabil-
a model reference adaptive control approach is used to provide ity of the closed-loop system due to the challenges inherent in
good tracking performance without jeopardizing the closed-loop musculo-skeletal systems such as nonlinear characteristics, cou-
Stablllty Simulation results are prOVidEd to validate the proposed p|ingS, and time de|ay_ Furthermore, muscles present h|gh|y non-
work. linear and time-varying characteristics when fatigue occurs and
muscle model parameters are different for each individual ([3]).
There is also a delay between stimulation and muscle contrac-

1 Introduction tion which adds to the processing and transmission delays in the
Functional electrical stimulation (FES) is a neuroprosthesis €lectrical stimulation system ([4]).
technique to restore motor function to individuals with spinal To meet the requirement of advanced rehabilitation applica-
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Electrical described by ([14])

stimulation

Jao(t) = Mg(t) +Me(t) +My(t) +Ma(t), t>0, (1)
C whereJ andw(t) are the moment of inertia and the angular veloc-
ity of the shank-foot complex about the knee-joint, respectively.
Mg(t), Me(t) andMy (1) represent the gravitational moment, pas-

CoG (Shank & foot) sive elastic moment and passive viscous moment, respectively,
and are given by
mg Mg(t) = —mglsin(xl(t) —x’{), t>0, ()
Figure 1. Knee-joint diagram ([13])
Me(t) = —c1 (xl(t) - Cz) el >0 3)
tions, a nonlinear closed-loop FES control system should be con- My(t) = —Caxa(t), t>0, 4)

sidered as it would allow to consider model uncertainties, as well
as compensate for disturbances and unmodeled dynamics ([5]).
Many closed-loop control strategies have been proposed in the
literature including PID control ([6, 7]), artificial neural network
control ([8, 9]), fuzzy controllers ([10]) and some nonlinear con-
trollers ([11-13]). However, the existing control techniques can-

not completely solve all the problems encountered in FES, such tionship between pulsewidth and the active muscle tolue)

as lengthy tunlng,_ time delays, mablllty to respond to changes can be represented by a first order model whose transfer function
due to muscle fatigue or external disturbance. Researchers are

motivated to explore innovative methods to design more reliable 's given by
and simpler FES equipment for possible clinical use.

In this paper, a neural network model reference adaptive H(s) = k* (5)
controller (NN-MRAC) is applied on a physiological model de- 1+1*s
veloped in [14] in order to improve the tracking performance
of the closed loop. The adoption of neural network avoids the wheret* is the time constant of this model aktl is the static
need for information about the system nonlinear dynamics. The gain.
adaptive mechanism is based on Lyapunov stability theory which In this model, the parameters, | andc;(i = 1,---,4) vary
guarantees the tracking error is ultimately bounded. Numerical for different subjects and need to be identified. In order to design
simulation results are presented to validate the controller. a direct adaptive controller, a state space model for the shank-

guadriceps dynamics can be written as

wherem and| are the mass and the length of the shank-foot
complex,ci,i =1,---,4 are unknown parametepsg,(t) andxy(t)
represent the knee-joint angle and angular velocity, respectively.
X is shown in Figure 1 and represents the angle between the
thigh and the vertical direction in the sagittal plane. The rela-

2 Mathematical Model

The knee-joint tracking has been addressed numerous times xa(t) = xa(t), x1(0) =x10, t>0,
in the literature (see for example [8, 12, 13, 15]) and this paper Xo(t) = —07sin(xq(t) —x7) + f(x1(t))
will consider the same benchmark problem. In this scenario, the —O5%(t) + O5x3(t), X2(0) =Xo0, >0,

thigh is stationary and only the shank-foot complex can move by

stimulating the quadriceps muscle. In order to reduce the num-

ber of degrees of freedom, the ankle was fixed such that the an-

kle movement can be neglected. A nonlinear model developed where®; € R, i =1,---,5 stand for real values of the unknown

in [14] of the electrically stimulated quadriceps muscle group parameters of the model. Note ti&it> 0 because of their phys-

has been adopted in this paper. In this model, the lower limb ical meanings.

is modeled as an open kinematics chain composed of thigh and

the shank-foot complex as shown in Figure 1. The input to this

model is the pulsewidth of the current pulses, and the model out- 3 Adaptive Controller Design

put is the knee-joint kinematics. In this section, the neural network-model reference adaptive
The equation of the knee-joint motion under stimulation is control law will be presented followed by the proof of stability.

x3(t) = —6axa(t) +65u(t), x3(0) =x30, t=0, (6)
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Note that gravitational and viscous components are linearly appearing in the reference systewy(¢, T, k) are chosen as av-
parameterized (LP) while the elastic component is not LP, there- erage values found in the literature. Next the reference system
fore, direct adaptive algorithm is developed to deal with the for- inputr(t) will be defined to guarantee the convergence of the
mer while neural network is used to approximate the latter. A reference system to the desired trajectory approximately.
neural network with one 10-node hidden layer is adopted to ap-

proximate the elastic part in the knee kinematics as Theorem 3.1. Consider the reference system dynamics (10)-

(12) and the tracking erroe(t) defined by

Me(t) =W ()0 (VT (O (t)) +eun(t), @) es®]  [raa(t) —xa(t)
a(t) = [erZ(t) Xdz(t)sz(t)] (13)
whereW(t) € R1%1 andV (t) € R0 are weight matrices, re- &) Xaalt) = %a(t)
spectively, and their update laws are given as
wherexq(t) = xg(t), andxqz(t), Xg3(t) are given by
W(t) = M [—ex(t) (o(VT (t)xa(t) — o' (VT (O)xa(t)VT (t)xa(t)) .
—kw&3(HW(t) ], W(0) =W, t>0, 8) Xda(t) = chi-(t) +en(t), (14)
V(t) = N[—x1()exWT ()’ (VT (t)xq (1)) — kv &(1)V (1)], &Mﬂéagﬁﬂﬂwﬂmwfma+ﬂmm®
V(0)=Vo, t>0, 9) .
en(t) +éu(t)), (15)

whereao(-) denotes the activation function and a sigmoid func-
tion is used in this paper. Furthermoid, N, ky,ky € R, and along with the reference control input
enn(t) is the neural network approximation error.

T/ o . 1
t)=~—(uwg t Xg3(t —Xr3(t t)). 16
3.1 Reference System r(®) k( €r2(t) +Xaa(t) + TX3( )+ keera( >) (16)

Note that there are thresholds and saturation phenomena in
the motor recruitment ([16]). In other words, the stimulation The control command (16) guarantees asymptotical stability of
pulsewidth has upper and lower bound limit. To ensure the stim- the tracking errore(t).
ulation stays in this range, a model reference system is devel-
oped such that the control system will track the reference trajec-
tory rather than the desired trajectory. The reference system will

Proof. Consider the Lyapunov function candidate

provide a smooth convergence to the desired trajectory without 1 1 1
control input (i.e. pulsewidth) beyond the controller saturation V(&) = e+ 58+ 56 (17)
limit.
This reference system, composed of a combination of a sec- Note thatV;(e) is ! for all & € R3, Vi(e) > O for all & €
ond order oscillator and a filter, is given by IR3\{0} arr1dV(0) -0 n
Computing the time derivative of (17) and substituting (10)-
%1(t) = Xe2(t), %1(0) =X10, =0 (10) (12) and (14)-(16), we obtain
X2 (t) = —00f (X1 (t) — Xr1e) — 20 woXe2(t) .
+hxs(t), %2(0) = X0, 130 (11) Vi(t) = —€f(t) —€(t) —€5(t) <0, t>0,  (18)
. 1 k
t) = —=X3(t)+-r(t), %x3(0)=x30, t=0 (12 o ) o .
%a(t) RO+, %3(0) =0 (12) which is negative definite, proving the statement. 0

Next, the controller that guarantees that the original system

wherex;(t) € R, t > 0,i=1,2,3 are the states of the reference converges to the reference system will be developed.

system andx¢,0,0] is the equilibrium of the reference system.
The parametersy and{ denote natural frequency and the damp-
ing coefficient of the oscillator, respectively. The construction of 3.2 Tracking Errors

the reference system is motivated by the original system struc- The knee-joint is controlled to follow the desired knee-joint
ture and the desired dynamics. The values for the parametersangle by stimulating the quadriceps using a PWM signal with
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suitable pulsewidth. Since this system has a strict feedback struc-wherel'g > 0, kg, > 0.

ture, a backstepping approach can be applied ([17]).
The position error is defined as

er(t) 2 X1 (t) —xa (t). (19)
The following velocity error is generated by a backstepping
procedure,

e2(t) = Xe2(t) + keex (t) — xa(t), (20)
wherek; > 0.
Finally, the active torque tracking error is given by
e3(t) = Xa(t) + B7(t)whxa(t) — Xa(t), (21)

where 87(t) is the estimation 0B} during the direct adaptive
procedure, obtained from the update law

61(t) = 7 e2(t)hxa(t) — ke, G (1)01(1) ).

67(0) =067, t>0, (22)

with 'z > 0, kg, > 0. The functionyzs(t) is obtained from the
filter

oV (t)xe(t))
(23)

Bs(t )WT
t>0,

TXa(t) +Xa(t) = O (t)@(t) —
+kase2(1),

where@o(t) is an estimate 00} = {91 ei eg} , and follows

the update law

So(t) = Mo(e2(t)u(t) —keoB(1)O0lt))

©0(0) = Ogo, t >0, (24)
with g > 0, kg, > 0. Furthermore,
e1(t) — Wi (X1 (t) —Xr1e) —arXe2(t)+Hka€n (t)+Heoeo(t)
Po(t)= —sin(xa(t) —xj) ;
—Xz(t)
t>0 (25)

wherea, £ 27wy andky > % Bs(t) is also an estimation d¥;
and is obtained from the update law

= Fg[—ex(WTa(VT (t)xa(t)) — kos€5(t)6s(t)],
86(0) =660, t>0,

Bs(t)
(26)

Remark. The filter (23) is used to solve the "explosion of terms”
problem caused by the backstepping process. In order to simplify
the controller, a technique derived fraBynamic Surface Con-
trol ([18]) is used.

During the directive adaptive control design procedure, there
are two estimates t8;. Both estimates are independent and fol-
low their respective update law.

3.3 Control Command

In this section, the control commandt) € R is defined to
guarantee the tracking error is ultimately bounded, followed by
the stability proof.

Theorem 3.2. Consider the dynamical system (6) and the ref-
erence system dynamics (10)-(12), along with the tracking errors
(19)-(21) and the control law

u(t) £ 01 (t)eu(t), t>0 (27)

where@; (t) € R¥>? is an estimate o®; £ [9—15 g% %}T, and

Xa(t) + 07 () 00Bxa(t) + B7(t)whka(t) + kaes(t)
o) = ex(t) (28)
—x(t).
Furthermore, the update law @& (t) is given by
©1(t) =1 (es(en(t) - ke, BO)@ (1)),

©1(0) =019, t>0, (29)

wherel’; > 0, kg, > 0. The control command (27) with update
law (29) guarantees the convergenceé@Bf, 6 61) to the com-
pact set

1 2 { (e60,6.61): T (OKe() < 5 + 5
w(@(81(1) < (676
w(@(6() < u(®7E)

w(@[(61(1) <u(®8h},  (0)

where e(t) £ [ei(t) ex(t) e3(t)]T, K £ diag[ki ko — 1 ks],
o2 (e < ) 8(t) 67(t)] ", Bx(t) £ Gx(t) —©F, O(t) £ O(t) -
©*, and

W(t) O10x 10} . (31)

ef(t) £ |:01><1 V(t)
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Furthermore,a3 is an upper bound to the filtering errars(t)
given as

B6(HWT (t)a(VT (t)xa(t))
—X3(t).

as(t) £ Op(t)go(t) -

—kazez(t) (32)

Proof. Consider the Lyapunov function candidate

N | 1 - o1 ~
V(e 6r,0,0:) £ éeTe+ étr(WTM*W) + étr(vTN*1V)

1., =~ SN SV <
+583tr (877 10) + S 6tr (811 '61)(33)

Note thatV (e, ef 0,0y is Ctforallec R3, 6 e R 0 ¢
R®and®; € R3,V (e, 6f,0,0,) > Oforall (e,6f,0,0;) e R3U
RPIYRSU ]R3\{0} andV (0,0,0,0) = 0.

When computing the derivative of (19) and substituting (20),
we obtain

&) =—key()+e(t), t=0. (34)
Similarly, the derivative of (20) can be obtained as
&(t) =X2(t) + ki€ (t) —X2(t), t>0. (35)

The time derivative of the Lyapunov function can be obtained
using the update laws (8), (9), (22), (24), (26) and (29) as

V(t) = —e"Ke(t) — kwes()tr(WT (H)W(t))

—kv&(Or(VT(HV (1)) +ex(t)enn(t)
—Ko, €5(t)050;T O — B3ka,E5(1),

V(0)=Vo, t>0. (36)

By completion of the square, (36) can be written as

V(t) = —e' (t)Ke(t) — kweS(t)tr(WT (H)W(t))

GOUITOV(D) ~ 5 (et~ (t)

360+ 36w (D) —koeB1)8

—3 (B30~ 0s)) "+ J65°65(0)

+53(1) ko, B(1)855176] — B3ka B (1),
V(0) = Vb,

t>0. (37)
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there exits the upper bound dh

15

1
2%N+ 20‘3

(WTW* —WT(t)W(t)

kv%

W10 VTV VTtV (1))

+@tr(@”@* —OT(1)6(1)), (38)

which guarantees the convergence(@®;,®, ;) to the com-
pact set (30). O

3.4 Adaptive Control with Actuator Amplitude Satura-
tion Constraint

In this section, the adaptive control design will be extended
to account for the actuator amplitude saturation. According to the
muscles activation dynamics, the stimulation pulsewidth should
be limited betweemw, and pwsa, Wherepwy,, represents the
pulsewidth for which the first motor units are recruited pmd;;
is the maximum pulsewidth to recruit all the muscle motor units
([16]). According to Theorem 3.2, the control law (27) guaran-
tees an ultimately bounded tracking error. Note that the control
input u(t), t > 0, depends on the reference system inpty,
t > 0, throughx(t), t > 0, which means that the amplitude of
u(t), t > 0, can be adjusted using the reference ingtit which
will also affect the reference system. The reference system state
x(t) € R3*1is uniquely determined by(t), t > 0, for any given
initial condition. Next, we will show how the reference system
inputr(t),t > 0, can be used to guarantee an ultimately bounded
tracking error in the face of actuator amplitude saturation.

The control law (27) can be rewritten as

u(t) = O] (M@u(t) + Ona(t)8r (wdks(t), >0,  (39)
where®11(t) is the first component @b (t) and
_ Xa(t) +B7(t)c0fxea(t) + kaes(t)
@u(t) = ex(t) (40)
—Xg(t).

In order to satisfypwinr < u(t) < pwsas %3(t) must be limited
such thats,, < X3 < X3, Where

uthr (t)

Xr&h, - )(A%v (41)
. Usat—@ (t)
o = W’ =0 42

Copyright (© 2007 by ASME
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are obtained from (39) and (40). Since the reference system is Trajectories without Saturation

a known system and its dynamics can be changed as needed, w¢ 26 ‘ ‘ : ——
can use (16) together with (41) and (42) to obtain the reference | | Reference
inputr(t) which guarantees that the input pulsewidth (27) does
not exceed the saturation limit.

24 } . 7% mmmmmnss Dasired

Knee Angle (rad)

4 Simulation Results

The simulations were performed using Runge-Kutta solver Time(s) _
and integration time-step of 10 ms. The shank movement is 1000 Control Command without Saturation
controlled to follow a sinusoidal reference sigmglt) varying
between 125 and 135 degree with a frequency of 0.5 Hz. The
parameters used in the simulation are given in Table 1. The
gains are arbitrarily chosen to lk¢ = k» = k3 = k. = 10, and
N =0.1,i=0,16,7.

The initial conditions for the simulation are given as
[X10 X20 X30] = [ Xr10 %20 X30] = [2.26 027 0], Wo = O10x1, ~1500 . : . : o
Vo = O1x10. Time(s)

500

-500

Pulsewidth ( ps)

—-1000

i i ; Fi 2. Tracking control without Saturation.
Table 1: Parameters used in the simulation Igure g

mkg) I(m)  Jkgn?) a((F) c(rad
437 0238 0362 41208 20918 5

(il (™M@ 19 G ruerad | | feforence
5591 027 0951 0014 1.8 251 5 & A e Desired
wo() 4 x; (rad)
3867 001 1.66

Trajectories with Saturation

Knee Angle (rad)

The simulation results of the control input without consid- 0 5 10 15 20
ering input saturation are shown in Figure 2. Since the satu- Control Comn;r;r:j(\i/)ith aturation
ration has not been taken into account, the control algorithm 500 : : ‘
does not generate meaningful pulsewidth. As shown in Figure W F
2, the pulsewidth assumes negative values, which is not phys- 3 400
ically possible. When we include the saturation algorithm, we
obtain the results shown in Figure 3. In this case the system con-
verges smoothly to the desired trajectory, without exceeding the
pulsewidth saturation limits. 100 H

300

200

Pulsewidth ( us)

0 5 10 15 20
Time(s)

5 Conclusions Figure 3. Tracking control using NN-MRAC.
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