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Abstract

A robust neural adaptive integral sliding mode control approach is proposed
in this present paper to deal with the nonlinear exoskeleton systems. The
proposed control technique is composed of two parts: an adaptive neural
network controller and an adaptive integral terminal sliding mode controller.
The adaptive laws are developed to estimate unknown parameters in order to
ensure asymptotic stability of the closed loop system. Only classical system’s
properties are supposed to be known, such as the bounds on some parameters.
The system’s dynamics are not known but are estimated on line by the neural
network control part. The proposed adaptive control strategy is designed to
ensure the reaching of the sliding mode with enhanced tracking performance.
The singularity problem of the terminal sliding mode approach is removed
without adding any constraint. The closed-loop stability of the system in
the sense of Lyapunov is demonstrated. The effectiveness of the proposed
approach is tested in real time application with healthy human subjects by
performing passive arm movements using a 2-DOF upper limb exoskeleton.
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1. Introduction1

Research and technological development in robotics have opened up new2

fields of application for exoskeletons. These portable robots are particularly3

suitable for repetitive movements with force control and human assistance.4

In physiotherapy applications, the patient’s recovery depends on the quality5

of rehabilitation. This quality of rehabilitation could be improved through6

the use of exoskeletons [1, 2, 3]: (i) By reducing the cost of the sessions and7

increasing their number. (ii) By freeing up clinical staff for tasks requir-8

ing more qualification. (iii) By measuring interaction torques and forces to9

evaluate the patient’s level of motor recovery. Generally, it is very difficult10

to ensure the recovery of patients who have partially or totally lost their11

natural movements with conventional medical treatment. Physiotherapy is12

often used to achieve rapid recovery of voluntary movements. This can be13

done through physical exercises in which an attempt is made to mobilize the14

affected limbs of the patient.15

In the initial phase of rehabilitation, the recovery process consists mainly16

of passive movements of the affected limbs. Especially for this phase of ther-17

apy, the use of trajectory tracking alone is sufficient to meet the desired18

needs in this phase of rehabilitation. The interaction between humans and19

the exoskeleton is a new challenge for robotic control strategies. Indeed,20

misalignment and changes in dynamics cause perturbations and increase un-21

certainties. Different control strategies have been proposed to deal with this,22

such as PID control [4], sliding mode control [5] or neural network control23

[6].24

The ability of neural networks (NN) to approach complex non-linear func-25

tions makes them a major tool for improving conventional control loops [7].26

For non-linear and time-varying systems, NNs have shown their effective-27

ness in control loops [8, 9]. Therefore, exoskeletons with their changing and28

non-linear dynamics are good candidates to be approached by NN. Different29

types of NN have been proposed to construct non-linear dynamic estimators30

or control non-linear systems, such as the radial basis function NN [10] or31

the Multi-Layer Perceptron NN [11].32

The Sliding Mode (SM) technique, with its robustness to external distur-33

bances and parametric variations, is an effective control solution to manage34

uncertainties and reject disturbances. The sliding mode controller drives35

the trajectory error to an defined sliding surface. Then, the switching phe-36

nomenon maintains this trajectory on the surface to slide it towards zero.37
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Conventional sliding mode methods allow asymptotic convergence of the er-38

ror [12]. Other techniques improve the convergence of the tracking error39

to zero, such as the terminal sliding mode [13] and the fast terminal slid-40

ing mode [14]. These last suffer from singularity problems due to the use41

of fractional power in sliding surface design. Afterward, various strategies42

have been developed in order to propose methods to overcome the singularity43

problem, such as the non-singular terminal sliding mode control [5, 15, 16]44

and the integral terminal sliding mode [17, 18, 19].45

The combination of the NN and SM techniques is of interest for the con-46

troller design for nonlinear systems with uncertainties, as for instance the47

exoskeletons. In [10], the authors present an adaptive NN controller for48

robots based on the terminal sliding mode methodology. However, the prob-49

lem of singularity in the control law has not been resolved. This problem50

can cause very large power level demands that the control organ will not be51

able to provide. In this paper, a new adaptive controller based on NN and52

SM is proposed ensuring that the singularity problem is completely avoided.53

Furthermore, the knowledge of the dynamic model is not required for the pro-54

posed controller. The dynamic of the exoskeleton-human system is governed55

by several complex effects, such as inertia, Coriolis and friction [20, 21]. Only56

some classical properties of the model are assumed to be known for designing57

the controller such as the limitation of human torques or the boundedness of58

the desired trajectories [18, 19]. The NN are used to compensate for the non-59

linear dynamics of the exoskeleton-human system in real time. The proposed60

NN learning algorithm is unsupervised, which leads to avoiding the offline61

learning database. A stable closed-loop algorithm is proposed to update the62

adaptive NN and SM parameters and to ensure the tracking of the desired63

trajectories. The closed-loop system stability is demonstrated with the Lya-64

punov theorem. Experiments are conducted on an upper limb exoskeleton65

named ULEL1 to illustrate the effectiveness of the proposed approach.66

In the rest of this article, section 2 presents the system with the dynamic67

model and neural approximation. In section 3, the control strategy and68

sliding surface are presented. Stability is discussed in Section 4. Section69

5 presents the results of the experiment, where all rehabilitation tasks are70

performed with healthy subjects. Finally, Section 6 is a conclusion of this71

work.72

1Upper Limb Exoskeleton of LISSI
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2. System modeling73

2.1. Dynamic model74

The system considered is formed by the exoskeleton and the wearer. The75

dynamic model resulting from Euler-Lagrange formalism is expressed in vec-76

tor form as follows77

M(q) q̈ + C(q, q̇)q̇ +G(q) +D(q̇) = u+ τhum + τ ext, (1)

where q ∈ Rn, q̇ ∈ Rn, q̈ ∈ Rn are respectively position, velocity and ac-78

celeration of the joints; M(q) ∈ Rn×n is the inertia matrix of the system;79

C(q, q̇) ∈ Rn×n is the Coriolis and centrifugal matrix; G(q) ∈ Rn is a vector80

containing all the terms related to gravity forces; D(q̇) ∈ Rn is a vector con-81

taining the dissipation terms; τhum ∈ Rn is a vector of the human torques;82

τ ext ∈ Rn is a vector of external disturbance torques and u ∈ Rn is a vector83

of exoskeleton torques applied at the joints.84

The system under consideration (1) is only composed of pivot joints.85

Therefore, the following useful properties are verified for q ∈ Rn.86

Property 1: The matrix M(q) is bounded symmetric positive-definite87

[22]88

cM1 ||x||2 ≤ xTM(q)x ≤ cM2 ||x||2 , ∀x ∈ Rn, (2)

where cM1 and cM2 are positive constants.89

Property 2: The matrix C(q, q̇) can always be chosen so that [Ṁ(q) −90

2C(q, q̇)] is skew symmetric, so we can write91

1

2
xT [Ṁ(q)− 2C(q, q̇)]x = 0, ∀x ∈ Rn. (3)

2.2. Neuronal approximation92

Some parameter variations, such as a change of user, lead to a change in93

the system dynamics. To counteract these variations, an adaptive method94

using neural networks was chosen to address these changes in dynamics.95

All non-linear functions representing the elements of the matrices M(q),96

C(q, q̇), G(q) and D(q̇) are considered unknown. Three-layer Neural Net-97

works (MLPNN) are used to approximate these non-linear functions [23, 24,98

25].99

The MLPNN is of the form W T
2 Φ(W T

1 X), with W1, W2 are the synaptic100

weight matrices of the hidden and output layer respectively, X is the input101

vector variable and Φ is the sigmoidal activation function of the hidden layer.102
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The activation function of the output layer is linear. The nonlinear functions103

M(q), C(q, q̇), G(q) and D(q̇) are written as104 
M(q) = W T

2M ΦM(W T
1M XM(q)) + εM(q)

C(q, q̇) = W T
2C ΦC(W T

1C XC(q, q̇)) + εC(q, q̇)

G(q) = W T
2G ΦG(W T

1GXG(q)) + εG(q)

D(q̇) = W T
2D ΦD(W T

1DXD(q̇)) + εD(q̇)

(4)

where εM(q), εC(q, q̇), εG(q) and εD(q̇) are the neural network approximation105

errors.106

� The input variables of the neural networks are given by107

XM(q) = I ⊗ q ∈ Rn2×n,

XC(q, q̇) = I ⊗
[
q
q̇

]
∈ R2n2×n,

XG(q) = q ∈ Rn,
XD(q̇) = q̇ ∈ Rn,

(5)

with ⊗ is the Kronecker product and I ∈ Rn×n is the identity matrix.108
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� The optimal synaptic weight matrices are given by109

W1M =

 W1M,1 0
. . .

0 W1M,n

 ∈ Rn2×n pM ,

W2M =

 W2M,1
...

W2M,n

 ∈ Rn pM×n,

W1C =

 W1C,1 0
. . .

0 W1C,n

 ∈ R2n2×n pC ,

W2C =

 W2C,1
...

W2C,n

 ∈ Rn pC×n,

W1G ∈ Rn×pG , W2G ∈ RpG×n,

W1D ∈ Rn×pD , W2D ∈ RpD×n,

(6)

where W1M,i ∈ Rn×pM , W2M,i ∈ RpM×n, W1C,i ∈ R2n×pC , W2C,i ∈ RpC×n110

for i = 1, ..., n and pM , pC , pG, pD ∈ N are the number of neurons in111

the hidden layer for M(q), C(q, q̇), G(q) and D(q̇) respectively.112

� The sigmoidal activation functions, item-by-item, of the hidden layers113

are given by114

ΦM(W T
1MXM) ∈ Rn pM×n,

ΦC(W T
1CXC) ∈ Rn pC×n.

ΦG(W T
1GXG) ∈ RpG ,

ΦD(W T
1DXD) ∈ RpD .

(7)

For simplicity of presentation, the arguments (q), (q̇) and (q, q̇) are omitted115

in the rest of this paper. Furthermore, a generic matrix N will be used to116
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represent the matrices to be estimated M , C, G and D such as117

N = W T
2N ΦN(W T

1NXN) + εN , (8)

with N ∈ {M,C,G,D}.118

These optimal networks N ∈ {M,C,G,D} (8) are approximated by N̂ ∈119

{M̂, Ĉ, Ĝ, D̂}120

N̂ = Ŵ T
2N ΦN(Ŵ T

1NXN), (9)

where Ŵ1N and Ŵ2N are the estimations of W1N and W2N respectively.121

The adaptation laws of the weights Ŵ1N and Ŵ2N , will be given in the122

stability section.123

Before introducing the proposed controller, let introduce the following124

assumptions in relation to the neural approximations:125

Assumption 1 : The matrices of optimal synaptic weights W1N and W2N126

are bounded:127

||W1N ||F ≤ cW1N
, ||W2N ||F ≤ cW2N

, (10)

where cW1N
and cW2N

are positive constantes and ||.||F is the Frobenius norm2.128

Assumption 2 : The approximation error of the optimal neural networks129

εN(XN) are bounded:130

||εN ||F ≤ cεN , (11)

where cεN is a positive constant.131

3. Controller design132

In this section, an adaptive NN and SM controller is proposed for the133

considered system (1). The main objective is to ensure the tracking of the134

desired trajectories qd(t) ∈ Rn. The control law is developed in two steps:135

Firstly, a nonsingular integral terminal sliding surface is selected. Secondly,136

an adaptive control law is designed. The NN approximation is combined137

with the SM technique to compensate for the deviation due to the approxi-138

mation errors and the robustness of the closed-loop system against external139

perturbation.140

2Frobenius norm of x is define by ‖x‖F =
√
tr(xTx).
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3.1. Switching law selection141

Let the position error be the variable e(t) ∈ Rn, such as142

e(t) = qd(t)− q(t). (12)

To avoid any singularity problem, the ITSM (Integral Terminal Sliding143

Mode) switching law is chosen in this work. The selected switching law [26]144

is given by 3
145

s(t) = ė(t) + α

∫ t

0

eγ1(µ) dµ+ β

∫ t

0

ėγ2(µ) dµ+ η, (13)

where γ1 = q
2p−q and γ2 = q

p
with p and q are odd positive integers such as146

p > q > 0; α = diag(α1, ..., αn) ∈ Rn×n and β = diag(β1, ..., βn) ∈ Rn×n are147

positive constant diagonal matrices chosen such as polynomials r2 + βir+αi148

for i = 1, ..., n are Hurwitz; η ∈ Rn is a constant vector that can be chosen149

η = −ė(0) to obtain s(0) = 0 (initial condition on the sliding surface).150

The time derivative of equation (13) lead to151

ṡ = ë+ α eγ1 + β ėγ2 . (14)

Remark: For the control law synthesis, the switching law s is differenti-152

ated with respect to time. In Terminal Sliding Mode or Fast Terminal Sliding153

Mode switching law [27], the terms eγ1−1 or ėγ2−1 emerge in the derivative of154

s. The negative powers (γ1−1) and (γ2−1) of these terms make singularities155

for null position or velocity errors. The presence of the integral in the pro-156

posed sliding surface prevents the occurrence of singularity in the derivative.157

For the proposed sliding surface (13), it is notable from the equation (14)158

that ṡ is defined for all e, ė and ë ∈ Rn.159

Using equations (1), (12) in (14), we get160

ṡ = q̈d −M−1(u+ τhum + τext − C q̇ −G−D) + α eγ1 + β ėγ2 . (15)

Multiplying both sides of the equation (15) by the matrix M161

M ṡ = M (q̈d + α eγ1 + β ėγ2)− u− τhum − τext + C q̇ +G+D. (16)

3The notation xγ for x ∈ Rn xγ = [xγ1 , ..., x
γ
n]T .
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After few arrangements the previous equation (16) can be expressed as162

M ṡ+ Cs = M q̈r + C q̇r +G+D − τhum − τext − u, (17)

where q̇r ∈ Rn and q̈r ∈ Rn are velocity and acceleration references respec-163

tively, given by164 {
q̇r = q̇ + s = q̇d + α

∫ t
0
eγ1(µ) dµ+ β

∫ t
0
ėγ2(µ) dµ+ η

q̈r = q̈ + ṡ = q̈d + α eγ1 + β ėγ2
(18)

The elements M , C, G and D are substituted by their neural estimations165

M̂ , Ĉ, Ĝ and D̂ respectively in the equation (17)166

M ṡ+ C s = (M̂ q̈r + Ĉ q̇r + Ĝ+ D̂) + ξ − u, (19)

with ξ is a vector which contains errors of neural approximation and the167

torques τhum and τext such as168

ξ = M̃ q̈r + C̃ q̇r + G̃+ D̃ − τhum − τext, (20)

where (̃.) = (.)− (̂.).169

In following section, a control law will be proposed to guarantee the sys-170

tem stability (19) by using the neural estimation part (M̂ q̈r + Ĉ q̇r + Ĝ+ D̂)171

and a robust sliding mode part to compensate the unknown part ξ.172

3.2. Control law conception173

A control law based on NN is established to ensure the compensation of174

system dynamics and the convergence of trajectory tracking error through a175

switching manifold. For this purpose, the following additional assumptions176

are needed:177

Assumption 3 :The boundness of the desired positions qd, velocities q̇d178

and accelerations q̈d are admitted179

||qd|| ≤ cqd , ||q̇d|| ≤ cq̇d , ||q̈d|| ≤ cq̈d , (21)

where cqd , cq̇d and cq̈d are positive constants.180

Assumption 4 : The human τhum and external τext torques are admitted181

bounded182

||τhum|| ≤ cτhum , ||τext|| ≤ cτext , (22)
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where cτhum and cτext are positive scalars183

The sum of the two control torques uNN and uSM form the proposed184

control law u, as follow:185

u = uNN + uSM , (23)

where :186

� The torque uNN represent an adaptive control using the neural net-187

works and reference variables, such as188

uNN = M̂ q̈r + Ĉ q̇r + Ĝ+ D̂, (24)

with M̂, Ĉ, Ĝ, D̂ the different neural networks approximators. The as-189

sociated parameter adaptation rules Ŵ{1,2}{M,C,G,D} will be introduced190

later when discussing the stability demonstration.191

� The sliding mode compensation term is represented by192

uSM = θ̂TΨ(q, q̇, q̇r, q̈r, Ŵ )K
s

‖s‖
, (25)

where K ∈ Rn×n is a diagonal matrix formed by positive constant193

scalars and the vector Ψ(q, q̇, q̇r, q̈r, Ŵ ) ∈ R8 is defined, as follows194

Ψ(q, q̇, q̇r, q̈r, Ŵ ) =



1
||q̇r||
||q̈r||

||Ŵ ||F ||q||
||Ŵ ||F ||q̇||

||Ŵ ||F ||q|| ||q̇r||
||Ŵ ||F ||q̇|| ||q̇r||
||Ŵ ||F ||q|| ||q̈r||


, (26)

with Ŵ the matrix containing all the parameters Ŵ{1,2}{M,C,G,D} and195

θ̂ = [θ̂1, ..., θ̂8]T ∈ R8 is the estimated vector seeking to approach the196

positive unknown vector θ = [θ1, ..., θ8]T ∈ R8. The vector θ̂ is given197

by the following adaptation law (27)198

˙̂
θ = Γθ Ψ(q, q̇, q̇r, q̈r, Ŵ ) ||s||. (27)

10



The proposed adaptive controller scheme is illustrated in figure 1. The ob-199

tained control law is formed by two parts, corresponding to the adaptive NN200

control for the first part , and the adaptive SM control, for the second one.201

Figure 1: The proposed adaptive controller scheme

4. Stability analysis202

The stability proof in Lyapunov sense of the proposed control law is203

given in this section. Considering that the activation functions Φ(W T
NXN)204

are nonlinear, they are approached by a first order Taylor series expansion205

in the neighborhood of Ŵ T
NXN206

Φ(W T
1NXN) = Φ(Ŵ T

1NXN) + Φ́(Ŵ T
1NXN) W̃ T

1NXN +ON , (28)

where ON is superior order terms of the Taylor series, W̃1N = (W1N − Ŵ1N)207

represent approximation error and Φ́(Ŵ T
1NXN) is the diagonal Jacobian ma-208

trix4, such as209

Φ́(Ŵ T
1MXM) ∈ Rn pM×n pM ,

Φ́(Ŵ T
1CXC) ∈ Rn pC×n pC ,

Φ́(Ŵ T
1GXG) ∈ RpG×pG ,

Φ́(Ŵ T
1DXD) ∈ RpD×pD .

(29)

210

4The Jacobian Φ́(y) = ∂Φ(x)
∂x

∣∣∣
x=y

.
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According to (28), it is clear that211

ON = Φ(W T
1NXN)− Φ(Ŵ T

1NXN)− Φ́(Ŵ T
1NXN) W̃ T

1NXN . (30)

The sigmoidal function Φ(.) and its derivative Φ́(.) are bounded, so ac-212

cording to assumption 1 approximation error ON are bounded by213

||ON ||F ≤ c∆N1
+ c∆N2

||W̃1N ||F ||XN ||F , (31)

where c∆N1
and c∆N2

are positive scalar.214

The following notations are introduced for simplicity of expression215 
Φ(W T

1NXN) = ΦN

Φ(Ŵ T
1NXN) = Φ̂N

Φ́(Ŵ T
1NXN) =

´̂
ΦN

(32)

Therefore, the equation (28) becomes216

ΦN = Φ̂N +
´̂
ΦNW̃

T
1NXN +ON . (33)

Substituting the equations (4) and (9) into the definition Ñ = (N − N̂),217

gives:218

Ñ = (W T
2N ΦN + εN)− Ŵ T

2N Φ̂N . (34)

Adding and subtracting Ŵ T
2N ΦN in the equation (34)219

Ñ = W̃ T
2N ΦN + Ŵ T

2N Φ̃N + εN , (35)

with W̃2N = (W2N − Ŵ2N) and Φ̃N = (ΦN − Φ̂N).220

The functions ΦN and Φ̃N are substituting by their Taylor series (33) in221

the equation (35)222

Ñ = W̃ T
2N (Φ̂N +

´̂
ΦN W̃

T
1N XN +ON) + Ŵ T

2N (
´̂
ΦN W̃

T
1N XN +ON) + εN .

(36)
The equation (36) can be rewritten as223

Ñ = Ŵ T
2N

´̂
ΦN W̃

T
1N XN + W̃ T

2N (Φ̂N − ´̂
ΦN Ŵ

T
1N XN) +∆N , (37)

where224

∆N = W̃ T
2N

´̂
ΦN W

T
1N XN +W T

2N ON + εN . (38)
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The function
´̂
ΦN is bounded, hence the norm of ∆N satisfies the following225

inequality226

||∆N ||F ≤ c∆N
||W1N ||F ||W̃2N ||F ||XN ||F + ||W2N ||F ||ON ||F + ||εN ||F , (39)

with c∆N
as constant scalar.227

The following equality is obtained from ξ (20) by replacing Ñ by its228

expression (37)229

ξ = (Ŵ T
2M

´̂
ΦM W̃ T

1M XM + W̃ T
2M (Φ̂M − ´̂

ΦM Ŵ T
1M XM) +∆M) q̈r

+(Ŵ T
2C

´̂
ΦC W̃

T
1C XC + W̃ T

2C (Φ̂C − ´̂
ΦC Ŵ

T
1C XC) +∆C) q̇r

+(Ŵ T
2G

´̂
ΦG W̃

T
1GXG + W̃ T

2G (Φ̂G − ´̂
ΦG Ŵ

T
1C XG) +∆G)

+(Ŵ T
2D

´̂
ΦG W̃

T
1DXD + W̃ T

2D (Φ̂D − ´̂
ΦD Ŵ

T
1DXD) +∆D)− τhum − τext.

(40)
By grouping the error terms ∆N of the equation (40),230

ξ = (Ŵ T
2M

´̂
ΦM W̃ T

1M XM + W̃ T
2M (Φ̂M − ´̂

ΦM Ŵ T
1M XM) ) q̈r

+(Ŵ T
2C

´̂
ΦC W̃

T
1C XC + W̃ T

2C (Φ̂C − ´̂
ΦC Ŵ

T
1C XC) ) q̇r

+(Ŵ T
2G

´̂
ΦG W̃

T
1GXG + W̃ T

2G (Φ̂G − ´̂
ΦG Ŵ

T
1C XG) )

+(Ŵ T
2D

´̂
ΦG W̃

T
1DXD + W̃ T

2D (Φ̂D − ´̂
ΦD Ŵ

T
1DXD) ) + Z,

, (41)

where231

Z = ∆M q̈r +∆C q̇r +∆G +∆D − τhum − τext. (42)

From the previous equation, it is established that Z is bounded by232

||Z|| ≤ ||∆M ||F ||q̈r||+ ||∆C ||F ||q̇r||+ ||∆G||+ ||∆D||+ ||τhum||+ ||τext||. (43)

By applying some simplifications, the inequality (43) becomes233

||Z|| ≤ cZ1 + cZ2 ||q̇r||+ cZ3 ||q̈r||+ cZ4 ||Ŵ ||F ||q||+ cZ5 ||Ŵ ||F ||q̇||
+cZ6 ||Ŵ ||F ||q|| ||q̇r||+ cZ7 ||Ŵ ||F ||q|| ||q̈r||+ cZ8 ||Ŵ ||F ||q̇|| ||q̇r||,

(44)
where cZ1, ..., cZ8 are positive constants.234

To demonstrate the system stability, a Lyapunov function candidate is235

considered236

V = V1 + V2 + V3, (45)
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where237

V1 =
1

2
sTM s, (46)

and5
238

V2 =
1

2
( tr(W̃ T

1M Γ−1
1M W̃1M) + tr(W̃ T

2M Γ−1
2M W̃2M)

+tr(W̃ T
1C Γ

−1
1C W̃1C) + tr(W̃ T

2C Γ
−1
2C W̃2C)

+tr(W̃ T
1G Γ

−1
1G W̃1G) + tr(W̃ T

2G Γ
−1
2G W̃2G)

+tr(W̃ T
1D Γ

−1
1D W̃1D) + tr(W̃ T

2D Γ
−1
2D W̃2D) ),

(47)

with the diagonal constant matrices Γ{1,2}{M,C,G,D}239

Γ1M ∈ Rn2×n2
, Γ2M ∈ Rn pM×n pM ,

Γ1C ∈ R2n2×2n2
, Γ2C ∈ Rn pC×n pC ,

Γ1G ∈ Rn×n, Γ2G ∈ RpG×pG ,
Γ1D ∈ Rn×n, Γ2D ∈ RpD×pD ,

(48)

and6
240

V3 =
λmin(K)

2
θ̃TΓ−1

θ θ̃. (49)

The function V1 are differentiating with respect to time241

V̇1 = sTM ṡ+
1

2
sTṀ s. (50)

The proposed control law (23) is used in the dynamic model (19) to obtain242

the dynamic equation of the variable s243

M ṡ+ C s = ξ − uSM . (51)

The application of the property 2 on the equation (51) gives244

V̇1 = sT (M ṡ+ C s) = sT (ξ − uSM). (52)

After some calculations of the term sT ξ using the equation (41)7, the245

5The function tr(x) represent the trace of matrix x.
6The function λmin(x) represent the minimal eigenvalue of the matrix x.
7The equality xT y = tr(y xT ) is verified for ∀x, y ∈ Rn.
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derivative of the function V1 (52) can be rewritten as246

V̇1 = sT (Z − uSM)

+tr(W̃ T
1M XM q̈r s

T Ŵ T
2M

´̂
ΦM) + tr(W̃ T

2M (Φ̂M − ´̂
ΦM Ŵ T

1M XM) q̈r s
T )

+tr(W̃ T
1C XC q̇r s

T Ŵ T
2C

´̂
ΦC) + tr(W̃ T

2C (Φ̂C − ´̂
ΦC Ŵ

T
1C XC) q̇r s

T )

+tr(W̃ T
1GXG s

T Ŵ T
2G

´̂
ΦG) + tr(W̃ T

2G (Φ̂G − ´̂
ΦG Ŵ

T
1C XG) sT )

+tr(W̃ T
1DXD s

T Ŵ T
2D

´̂
ΦG) + tr(W̃ T

2D (Φ̂D − ´̂
ΦD Ŵ

T
1DXD) sT ).

(53)
Differentiating V2 with respect to time, to obtain247

V̇2 = −tr(W̃ T
1M Γ−1

1M
˙̂
W1M)− tr(W̃ T

2M Γ−1
2M

˙̂
W2M)

−tr(W̃ T
1C Γ

−1
1C

˙̂
W1C)− tr(W̃ T

2C Γ
−1
2C

˙̂
W2C)

−tr(W̃ T
1G Γ

−1
1G

˙̂
W1G)− tr(W̃ T

2G Γ
−1
2G

˙̂
W2G)

−tr(W̃ T
1D Γ

−1
1D

˙̂
W1D)− tr(W̃ T

2D Γ
−1
2D

˙̂
W2D).

(54)

The function V3 are derivative with respect to time248

V̇3 = −λmin(K) θ̃TΓ−1
θ

˙̂
θ = −λmin(K) θ̃T Ψ(q, q̇, q̇r, q̈r, Ŵ ) ||s||. (55)

The following adaption laws are proposed to obtain V̇1 = sT (Z−uSM)−V̇2249 

˙̂
W1M = Γ1M XM q̈r s

T Ŵ T
2M

´̂
ΦM

˙̂
W2M = Γ2M (Φ̂M − ´̂

ΦM Ŵ T
1M XM) q̈r s

T

˙̂
W1C = Γ1C XC q̇r s

T Ŵ T
2C

´̂
ΦC

˙̂
W2C = Γ2C (Φ̂C − ´̂

ΦC Ŵ
T
1C XC) q̇r s

T

˙̂
W1G = Γ1GXG s

T Ŵ T
2G

´̂
ΦG

˙̂
W2G = Γ2G (Φ̂G − ´̂

ΦG Ŵ
T
1GXG) sT

˙̂
W1D = Γ1DXD s

T Ŵ T
2D

´̂
ΦD

˙̂
W2D = Γ2D (Φ̂D − ´̂

ΦD Ŵ
T
1DXD) sT

(56)

The application of the adaption laws (56) to the derivative of Lyapunov250

function (45) gives251

V̇ = sT (Z − uSM)− λmin(K) θ̃T Ψ(q, q̇, q̇r, q̈r, Ŵ ) ||s||. (57)
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The torque uSM (25) is used in (57) to get252

V̇ = sT (Z − θ̂TΨ(s, Ŵ )K
s

||s||
)− λmin(K) θ̃T Ψ(q, q̇, q̇r, q̈r, Ŵ ) ||s||. (58)

From (58), it could be establised that the derivative of the Lyapunov253

function verifies the following inequality:254

V̇ ≤ sTZ − θ̂TΨ(s, Ŵ )λmin(K) ||s|| − λmin(K) θ̃T Ψ(q, q̇, q̇r, q̈r, Ŵ ) ||s||
≤ sTZ − θTΨ(q, q̇, q̇r, q̈r, Ŵ )λmin(K) ||s||
≤ ||s|| ( ||Z|| − θTΨ(q, q̇, q̇r, q̈r, Ŵ )λmin(K)).

(59)
From the inequality (44), it could be obtain θi > (cZi + µ)/λmin(K) for255

i = 1, ..., 8 so the following inequality is verified:256

||Z|| − θTΨ(q, q̇, q̇r, q̈r, Ŵ )λmin(K) < −µ. (60)

Using (60) in (59), it gives257

V̇ < −µ ||s|| . (61)

Finally, it can be established that the variables s and W̃1N and W̃2N are258

bounded since V (t) ≥ 0 and V̇ (t) ≤ 0. In addition, assumptions 3 and 4 allow259

to guarantee that ė is uniformly continuous since q̈d and q̈ are bounded. As260

a result, the variable s given in (13) is also uniformly continuous. On the261

other hand, it can be easily verified from (61) that lim
t→+∞

∫ t
t0
‖s(µ)‖dµ ≤262

V (t0)
µ

. Application of Barbalat’s lemma [28] indicates that lim
t→+∞

‖s(t)‖ = 0.263

According to the stability performances of the used switching variable s, it264

can be conclude that e→ 0 and ė→ 0 as t→ +∞. Therefore, the proposed265

controller guarantees a zero steady-state tracking error of the position and266

velocity trajectories.267

5. Experimental validation268

5.1. Experimental context269

Experimental tests are presented in order to show the effectiveness of the270

proposed adaptive controller. A Exoskeleton achieve rehabilitation move-271

ments without and with three subjects. The used right upper limb exoskele-272

ton called ULEL (Upper Limb Exoskeleton of LISSI) of the LISSI (Labora-273

toire Image Signaux et Systèmes Intelligents) of Paris Est Creteil University274

(UPEC) in France, is developed by the company RB3D (see figure 2).275
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276

Figure 2: ULEL’s joints

ULEL is a right upper limb exoskeleton of 3 DOF (shoulder, elbow and277

wrist).In this experimentation, the two first joints, shoulder and elbow, are278

chosen to validate the proposed control. These two joints move in the same279

plan (see figure 3).280
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Figure 3: ULEL’s Mechanical representation

The two joints are actuated by DC motors of MAXON company, which are281

current controlled by adequate power cards (Epsos 2) of the same company.282

The resolution of the nonlinear differential equation of the proposed controller283

is applied by using the fourth order Runge-Kutta’s solver with a sampling284

time of 10−3sec. The figure 4 shows our experimental setup based on a285

computer equipped with a dSpace DS1103 PPC real time controller card.286

The used software is Matlab/Simulink and dSpace Control Desk software.287

The real position of each joints are measured by encoders. Low pass filter are288

used to improve the signal-to-noise ratio and maintain a good transmission.289

The safety and security requirement were respected during the tests: limit290

switches, current limit and mechanical stop.291
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Figure 4: ULEL’s protocol of experimentation

5.2. Experimental protocol292

Two healthy subjects, the characteristics given in table 1, have being293

chosen to test the controller. During the tests, ULEL moves the right upper294

limb of the subjects, which remain passive without applying any assistive295

or resistive torque. The controller has been also tested on the exoskeleton296

alone.297

Subject n°1 n°2

Sex Male Male
Age 44 years 26 years

Weight 72 kg 95 kg
Height 1.69 m 1.88 m

Table 1: The experimentation subjects.

298
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Figure 5: ULEL with a subject

In the experimentation, the term s
||s||+δ is used in place of the term s/ ‖s‖299

in the equation (25) to avoid chattering of the discontinuous part of sliding300

control input301

uSM = θ̂TΨ(q, q̇, q̇r, q̈r, Ŵ )K
s

||s||+ δ
, (62)

where δ = 0.2.302

The adaptation of all parameters, Ŵ{1,2}{M,C,G,D} and θ̂, will be stop when303

a tolerance threshold is reached: when ||s|| is lower than δ.304

The downwards rest position are chosen like the zero posture of ULEL.305

The kinematic scheme is given in figure 3. The desired trajectories are defined306

as qdi(t) = Ai + Bi sin(ωit + ϕi), where i refers to theith joint, A1 = π
10
rad,307

A2 = π
4
rad, B1 = B2 = π

10
rad, ω1 = 0.4 rad/s, ω2 = 0.5 rad/s, ϕ1 = 0 rad308

and ϕ2 = −π
2
rad. The real initial position and velocity are given by q(0) =309 [

0, π
4

]T
and q̇(0) = [0, 0]T . For the adaptive neural networks, all synaptic310

weight estimations Ŵ{1,2}{M,C,G,D} are initialized to zero. The adaptation311
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matrices Γ{1,2}{M,C,G,D} are equal to 2I where I is the identity matrix with312

appropriate dimension. The used sigmoidal activation function is given by313

σ : x 7→ 1
1+e−x .314

The sliding mode parameters are chosen: γ1 = 5
9
, γ2 = 5

7
and αi = 1,315

βi = 2 for i = 1, 2. The figure 6 shows some simulation examples of transient316

convergence obtained by solving the sliding mode differential equation si = 0317

with different initial conditions qi(0) and with q̇i(0)=0. It can be seen from318

this figure that the response time is about 5 seconds. The trajectories are319

smooth and do not exhibit any undesirable variations. This dynamic behavior320

corresponds to the choice of the used parameters of the sliding surface.321
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Figure 6: Examples of transient convergence in the sliding mode.

5.3. Experimental result323

324

The figures 7 and 9 show for the three cases (exoskeleton in a standalone325

mode, exoskeleton with subjects 1 and 2) the desired and the real joint posi-326

tions and velocities. For all cases, despite of the different wearer morphology,327

the controller tracks the desired trajectories successfully. Indeed, the real tra-328

jectories follow the desired trajectories with errors close to zero. The initial329

positions of the exoskeleton (at t = 0 sec.) were chosen to be different from330

the desired trajectories to test the transitional behavior of the closed-loop331
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system. The results show that during the first few seconds (about 5 sec.) the332

trajectory of the position is smooth, with no abrupt variations that could be333

harmful to the human body. This smooth variation is achieved by the choice334

of the sliding surface proposed in equation (13). The figures 8 and 10 show335

respectively the tracking errors in position and velocity. it can be seen that336

the transient response characteristics (shape and response time), provided by337

the chosen sliding surface s = 0, are practically invariant for the three cases338

shown: without subject, with subject 1 and with subject 2. The forms and339

response times of the tracking errors are in compliance with the responses340

obtained in the figure 6.341

342

The control inputs are showed in the figure 11. The impact of the sub-343

ject’s morphology on the required control torque for each joint could be344

noted. The torque amplitudes increase with the subject’s weight and height.345

The chattering reduced by using the small parameter δ in the equation (62)346

makes the applied torques acceptable for rehabilitation exercises. The small347

excitations in high frequency are what remains of the theoretical chattering348

of the sliding mode control. The remainder of the observed chattering is349

permissible and did not cause any damage to the actuator. It is also found350

that the stability of the system is not affected by this phenomenon.351

352

It can be seen from the figure 12 that after a short moment, the norm of353

the sliding surface s become lower than the threshold.354

355

To show the contribution of the two parts uNN and uSM in the control,356

the case of the subject 2 (the heavier) has been chosen and shown in the357

figure 13. The torques uNN start at zero, because of the initialization of all358

synaptic weight estimations at zero. During this beginning phase, the control359

is ensured by the sliding mode parts uSM . After the adaptation period, a360

stable steady state is reached by the torques uNN .361

362

The figures 14 and 15 show than the parameters Ŵ{1,2}{M,C,G,D} and θ̂363

stop their adaptation when the norm of s is less than the threshold δ (see364

figure 12).365

366

The steady states of the norms ||Ŵ ||F are depending of the subject show367

clearly in the figures 14. Like for the torques, a link between the amplitude368

of the norms and the subject’s weight and height can be noted.369
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370

The evolution of adaptive parameters θ̂ = [θ̂1, ..., θ̂8]T is showed in the371

figure 15. The estimates parameters θ̂ = [θ̂1, ..., θ̂8]T start at zero, as the372

initial values of all parameters are set to 0 at the initialisation phase, and373

converge to the a stable value during the adaptation phase.374

375

Finally, the experimental results show clearly the robustness and the376

tracking performance effectiveness of the proposed controller. It can be noted377

that the practical implementation of the proposed controller requires a suffi-378

ciently powerful and fast control card to support the calculations of the used379

nonlinear models. The computation time set at a sampling constant equal to380

0.001 seconds is sufficient and do not cause any unwanted effects on human381

subjects.382
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Figure 7: The positions of the two joints.
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Figure 8: The position errors of the two joints.

0 10 20 30 40 50 60 70 80

Time (sec)

-0.2

-0.1

0

0.1

0.2

S
ho

ul
de

r 
ve

lo
ci

ty
 (

ra
d/

se
c) desired trajectory

without subject
with subject 1
with subject 2

0 10 20 30 40 50 60 70 80

Time (sec)

-0.2

-0.1

0

0.1

0.2

E
lb

ow
 v

el
oc

ity
 (

ra
d/

se
c)

desired trajectory
without subject
with subject 1
with subject 2

Figure 9: The velocities of the two joints.
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Figure 10: The velocity errors of the two joints.
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Figure 13: The torques uSM and uNN for subject 2.
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6. Conclusion386

This paper presents a new adaptive controller for trajectory tracking of387

exoskeletons with uncertain model errors and external disturbances. This388

approach uses a combination of a continuous NN and a discontinuous SM389

controller. The continuous NN part approximates the dynamic model of the390

exoskeleton-human system, which depends on the wearer and his morphol-391

ogy. Robustness to disturbances and approximation errors is ensured by the392

SM part. Consequently, this approach does not require the knowledge of the393

exact system dynamic model since only some parameter bounds are assumed394

to be known. Stability has been proven by the use of Lyapunov’s theorem395

and verified experimentally. The results of the real-time application on 2-396

DOF exoskeleton showed the effectiveness of the proposed controller and its397

satisfactory performances for different subjects characteristics. Finally, since398

the proof using Lyapunov’s theorem demonstrates only asymptotic conver-399

gence of the state variables, the finite time convergence could be investigated400

in future work.401
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