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Model based adaptive controllers (MBACS) are considered one of the most
common adaptive controllers that are used with robotic systems due to their
ensuring nonlinear robust scheme with global asymptotic stability for
controlling nonlinear systems. However, this controller requires precise
mathematical models of the controlled systems. In this paper, an optimal
model-based adaptive controller (OMBAC) is suggested for controlling a
two-link upper limb rehabilitation robot. This controller, in the presence of
model uncertainties, can guarantee the robustness of the rehabilitation robot.
Although the OMBAC is an adaptive and model-based controller, some of
its parameters need to be determined precisely. In this paper, these
parameters are determined by the grasshopper optimization algorithm
(GOA). The Lyapunov method is used to analyze the stability assurance of
controlled rehabilitation. The results of the simulation for two tested
trajectories (linear and nonlinear trajectories) demonstrate the efficiency of
the suggested OMBAC with fast settling time, minimum error steady state,
and very small overshoot.
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1. INTRODUCTION

Since the end of the 1990s, there has been a rush in the research and development of robotic devices
for rehabilitation, especially for the neurological rehabilitation of post-stroke patients. Stroke is already the
second leading cause of death in the world and the leading cause of acquired disability in adults [1]. Stroke
survivors are typically disabled and have neurological deficits, and more than half will not fully recover basic
motor skills for daily tasks, limiting their independence [2]-[5]. The ideal situation is for therapists to be
physically active in patients' rehabilitation. However, there are a limited number of therapists [6], and many
patients must perform rehabilitation exercises on their own. In these cases, it is not possible to monitor how
well the patient is performing the treatment. The measured patient-specific variables are those that are
important for tracking progress and improving upper and lower extremity movement control and
coordination [7]-[9]. With continued support from the research, industrial and medical communities, new
devices and applications will be designed and the use of these devices for diagnosis, treatment, and
evaluation will be accepted throughout the recovery period. The main control techniques for controlling
robotic devices are linear control and non-linear control. Linear controls are easy to implement but cannot
handle non-linear disturbances of the system because rehabilitation robots are non-linear in nature, and non-
linear control methodologies are more suitable for controlling robotic manipulators. Stability and robustness
are two vital yet challenging topics for control systems. Several nonlinear controllers have been proposed,
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and the most important suggested methods are adaptive controllers for obtaining greater repeatability and
accuracy in the automated system's performance. Adaptive control is a type of control unit that has the ability
to adjust itself to any changes in parameters that occur in the control system. There are different types of
adaptive controllers. Some of them require parameter estimation, while others have a complex algorithm.
Many adaptive schemes have been proposed for controlling rehabilitation robots. Some of these schemes are:
Proietti et al. [10] proposed an exoskeleton controller based on adaptive techniques that can actively
modulate the stiffness of the robotic device in function of the subject’s activity. Based on Lyapunov stability,
Lv et al. [11] proposed a model reference adaptive impedance control (MRAC) for lower limb rehabilitation
robots. Zahid et al. [12] suggest an MRAC technique to control the movement of a DC motor for a one-DOF
rehabilitation robot to reduce the robot's positioning error and make it useful for a wide range of stroke
patients. Riani et al. [13] proposed the active integrated limb sliding posture control (AITSMC) technique
that can be applied to forcefully control the exoskeletons of the upper limb to perform passive movement
rehabilitation. Ting and Aiguo [14] studied the joint control of the stereotaxic arm for the purpose of robot-
assisted upper limb rehabilitation therapy exercises by following the required path and making the system
stabilize in the rehabilitation. Zhang et al. [15] suggest an adaptive fuzzy control scheme to adapt the control
input for lower-limb exoskeleton rehabilitation according to the online performance. Abbasimoshaei et al.
[16] designed an adaptive fuzzy sliding mode controller (AFSMC) to control hand rehabilitation robots.

This controller improves system robustness by dealing with unknown parameters and uncertainties.
This research focuses on designing a model base adaptive controller (MBAC), this is control system suitable
for the case of unknown exactly or the parameters of the system are changed [17]. Using a grasshopper
optimization algorithm (GOA) to tune MBAC control parameters for tracking the trajectory of a two-link
upper limb rehabilitation robot based on a dynamic mathematical equation for a human two-joint upper-limb
mode. GOA is used to tune the parameters of the suggested controller. Based on robot dynamic equations, the
stability analyses of the closed-loop controlled system of both joints are proved by lyapunov stability. The
rest of this paper is organized as follows: section 2 presents the dynamic mathematical model of the two-link
upper-limb rehabilitation robot, section 3 presents the suggested controller, section 4 presents the simulation
results, section 5 presents the conclusions, and section 6 presents the conclusions.

2. DYNAMIC MATHEMATICAL MODEL OF UPPER ROBOTIC EXOSKELETON

In order to successfully design a controller and orient (orient) the robot to the desired location, it is
necessary to describe the mathematical model of the robot. As shown in Figure 1, via assuming smooth
human-machine interaction, the upper-extremity dynamics of both the human limb and the robotic
exoskeleton are treated as rigid links joined by joints, and the two-link model is limited in the sagittal plane
[18], [19]. In this model, the frictional components operating on the exoskeleton and human joints, as well as
other atypical dynamics are ignored.

Figure 1. A two-link manipulator that appears like a human upper limb [18]

In Figure 1, the letters 1 and 2 indicate the parameters of the first (upper arm) and second (forearm)
links, respectively. The letter L stands for the length of the limb as well as the exoskeleton. Lc is the angular
position of the couplings as well as the length of the terminal parts and the exoskeleton about the centroid
axis. The Euler-Lagrange formula is used to derive the equation of motion for the dynamic system of the
upper limb. The nonlinear differential equations can be written as [20], expressed as (1).

T =D(0)6+C(6,0)0 +G(0) +14 1)
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Where 7 is the operational torque vector, D is a 2%2 inertial matrix of the extremities and exoskeleton, C is
the Coriolis and the central torque vector, G is the gravitational torque vector while z, is the external torque
vector. The (1) it can be rewritten as (2):

A _ [P D12]_1 [Tl] _ [Cn C12] 91 ] [le @
o, D31 Dy T2 (1 Cp sz
where the element of the D inertial matrix is expressed as (3).

Dll = mlecl + Il + mz(chz + L21 + 2L2C2L21 coS 62) + 12 )
Dy = Dyy = myyLyLe, cos 0, + m2L2c2 +1,,D,, = m2L2c2 +1, (3)

The element of the coriolis matrix are expressed as (4).

Cll = _mleLz(Zéz) sin 62 y C12 = _mleLzéz sin 62,
621 = mlengl sin 02 y C22 = 0 (4)

While the elements of gravitational term are expressed as (5):

G, = (my + my)gL,cos 0, + m, gL, cos(6, + 6,),
Gz = ngLz 605(91 + 92) (5)

where m is a sum of both masses, while | is the moment of mass from the exoskeleton's inertia and the

extremities' inertia, and g is the gravitational constant taken as 9.81 m/s?.

3. MODEL BASED ADAPTIVE CONTROLLER DESIGN
In order to design the suggested MBAC, the equation of dynamic system (1) must be rewritten to (6):

foi (6,1, )=£,(6,0)+Bi(B, )Ui(8, t)+74; () (6)
where i is robot link number (1, 2), and f(6,t) and B(6, t)u(6, t) are expressed as (7) and (8).
f(6,=D7*(®){C(6,6)6 +G(6)} (7)
B(8,t)u(d,t)=D~1(8) t(6,t) (8)
It is required to design an adaptive controller based on the dynamic model of the rehabilitation robot in order
to make each robot link follow the desired input trajectory. The procedure for designing this controller for
each link (i =1, 2) is represented by the following steps:
Step 1: Define the equation of the desired model as (9):
Gai(t) = Aiqai(t) + Birg;(t) ©)

where i=1,2 is link number, the q4is 2x1 desired model state vector, A; is 2x2 constant matrix, B; is 2x1
constant matrix, and r,; is 2x1 desired input trajectory. The suitable desired model is selected as (10):

[%1(0] [ qu1(t)]+[ 0 Hﬁn(f) (10)
Gaz(8) —w?, 2(0) qaz(t) w?y ] lraa ()

where ¢ is damping ratio and w,is desired natural frequency. The value w, and ¢ should be selected such
that the eigen-values of (4;) are negative roots, and hence the equilibrium point of this model has an

asymptotically stable.

Step 2: Define the difference between q,4; and g; as error signal (ei(t)) by (11).

ei(t) = qqi(t) — qi(t) (11)
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The derivative of the ei(t) is given by (12).

é;(t) = qqi(t) — ¢;(t)

= Aiqqi(t) + Birg; (t) — fini (6,1, )

= Aie(t) + A;qi(t) — fini (0,u, 1) + Birgi(¢) 12)
Step 3: Select Lyapunov function for each link (i=1, 2) as (13):

Vi(e)) = ei(0)"Pe;(t) (13)

where P; is a real positive-definite symmetry matrix. When the derivative of V;(e;) is taken with respect time,
we obtain as (14), where expressed as (15).

Vi(e) = é;" Pe; + e Pié;

= [eA" + a" A" — fri” 0w, t) + 14" B;"|Pie; + e Pi[Ae; + Aiqi — fri(6,u, 1) + By

= eiT(AiTPi + PiAi)ei + 2Nl (14)

N; = ¢"P{Aiq; — fmi(6,u, ) + Biry] (15)
Since M; = —(A;" P, + P;A;), therefore (14) can be written as (16).

Vi(e) = —e;"Qie; + 2N; (16)

According to theorem 2 of [21], the controlled system is globally asymptotically stable (GAS) in the
sense of Lyapunov if the V;(e;) is positive definite due to the positive selected P; matrix and V(x) < 0 Vx #

0 and V(0) = 0 when the matrix (—M;) is a negative definite. The control signal ui(6, t) should be chosen
such that the scalar N; is negative [21]. The (16) is to satisfy if matrix M; is selected as diagonal matrix.

. .. i 0
M;=positive definite= m(l)“ ] and hence (16) became (17).
My2i
Vi(ei) = —(myyef; + myye5) + 2N; 17)

The scalar N; according to the desired model (9) and the robot model (6) will be (18).

P11i P1zi]
P21i  P22i

(Lot 2w la] [, = [auce, 0c6,0) * loiral)
—wh;  —28wy| 192 f:(6,6) B;(6,t)u;(6,¢t) WaiTy; .
N; = (e1iPrai + €2iP221) [—w2i1i — 28iwniGa; + W27 — Bi(0,Du(6,8) — £:(6,8)]  (18)

N; = [e1 ez [

According to the (18), the control law for each robot link u;(8, t) can be designed as (19):
u;(0,1) = [~wiqy; — 20w, gy + (kitanh (eypiz; + €2i022:)) + wiira; — £(6,6)]/B:(6,8)  (19)

where k; is optimal constant value and tanh (.) is hyberbolic tangent function. According to (19) the equation
of N; is becomes (20).

N; = e1iP1ai + e2iP220)[fi(6, ) — kitanh (ey;p12; + €2i022:)]<0 (20)

In this paper, in order to make the controller u;(8,t) became more efficient, the state g;; and q,; in (19) is
added with the error signal (eq;, e,;), therefore this equation becomes (21).

— 5 (qqi + eq;) — 2w, (g + €3:)

' +(kitanh (e1ip1a2i + ezipzzi)) + wiirg — fi(e, 9) /B

(21)

The control parameters (K, k1, P11, P12, @Wn1) for link 1 and parameters (K, k,, P21, P22, Wne) OF link 2 are
obtained by GOA which is explained in following section.
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4. GRASSHOPPER OPTIMIZATION ALGORITHM

Saremi et al. [22] introduced the GOA algorithm, which is a new and fascinating swarm intelligence
algorithm that simulates grasshopper swarming behaviour. Grasshoppers are insects that cause havoc on crop
production and agriculture [22], [23]. Their life cycle is divided into two stages: nymph and adulthood. Small
steps and moderate movements describe the nymph phase, whereas long-range and rapid movements
represent the maturity phase [24]. The intensification and divarication phases of GOA are defined by nymph
and adult motions. The mathematical model for grasshopper swarming behaviour is as [22], [23], expressed
as (22).

In the (22), X; represents the grasshopper's it" position, Si represents social participation, W;
represents the force of gravity on a grasshopper, and Z; represents air-advection. In the preceding equation,
randomness is produced by (23).

Xi=h15i+h2wi+h3zi (23)

Where hy, h, and h5 are a sequence of random numbers range of 0 to 1. S; is designed as (24).

5:‘227:1 S(dji)a; (24)

J#i

The distance between it* and j** grasshopper is computed using (25), In addition as (26).

dji = |x; — xi] (25)
—_ Xji—Xj
d, = ]T (26)

In addition, the strength of the social force s is described as (27):

s(r) = FyT -y~ (27)

where F denotes the attractive force, d denotes the distance, and | denotes the attraction measure. The (22)
represent W component is written as (28):

W; = —by, (28)

where b is the gravitational force, the negative sign shows its orientation toward the center of the Earth, while
¥y, is the unit vector toward the Earth. Now, the Z component in (22) is given as (29):

Zi = Cyw (29)

where c is the continuous wind drift and y,, shows the wind direction unit vector. Putting the values of S, W
and Z in (22), we get (30).

Xj

i—x;
dji

X =3V as(xj —xi) L= by + cPh (30)

Jj#i
We use the (30) to describe the interaction of grasshoppers in a swarm in free space and in

simulation. Table 1 shows the steps involved in the GOA algorithm. The cost function used in this research is
integral time-weighted squared error (ITSE), which is described by (31):

Fitness=ITSE=, t * Eror(t)> (31)

where t is the error between the desired input and the response in each link.
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Table 1. General GOA pseudo code [25]

Step Description

1 The objective function F = MAX,,,,
Create an initial population of grasshoppers x; with the values 1,2 , ,... n
R = the most effective search agent
2 While the stopping criteria have not been met do
3 Update ¢, and ¢,
For each grasshopper in the population do

Calculate each grasshopper's fitness

Normalize the distances between grasshoppers in [1, 4] Update the position of the grasshopper

If required, update bounds of grasshopper
End for

4 If there is a better solution, update R
End while

5 Output the R

5. SIMULATION RESULTS

To demonstrate the efficiency of the suggested controller with MATLAB software version R2020a
v facility, two simulation scenarios for the upper limb rehabilitation robot is run with 10% parameter
uncertainty in the function parameters for both linear (step) and nonlinear trajectories and 0.01 sin (20t)
disturbance. The parameters of upper limb rehabilitation are given in Table 2. The GOA algorithm
parameters that are considered here are listed in Table 3. The optimal controller parameters, which are

obtained by the GOA, are given in Table 4.

Table 2. Upper-limb robot parameters [24]

Upper-limb parameters Parameter  Actual value Units
Limb and exoskeleton masses my 2.25 kg
m, 1.47 kg
Limb lengths Ly 0.34 m
L, 0.25 m
Center of mass Loy 0.25 m
Ley 0.125 m
Mass moment of inertia for exoskeleton and limbs L 0.2505 kg m?
I, 0.0925 kg m?

Table 3. The GOA parameters

GOA parameters Value
Number of search agents 25
Max iteration 5
Intensity of attraction (f) 0.5
Attractive length scale (1) 15

Table 4. The optimal parameters for the suggested controller obtained by GOA

Controller parameters of two Lower bound of Upper bound of Optimal value of linkl ~ Optimal value of link2
links value value
K parameter with saturation 30 60 56.1099 49.8942
P11 5 15 13.7468 11.8405
P1a 1 3 1.0307 1.0260
Wq 90 115 54.5620 55.3889
k parameter of feedback 8 20 12.8926 14.2946

5.1. Linear path with 10% uncertainties and nonlinear disturbance

The response of an upper limb rehabilitation robot simulation by the proposed controller with
uncertainty and disturbance is shown in Figures 2-5 as the position of the shoulder link, the elbow link for
linear path, the control signal of link 1 for linear path, and the control signal of link 2 for linear path,
respectively. These results indicate that the robot with the suggested controller performs better, with the robot
following the intended path extremely quickly. With a smooth control signal, there is no steady-state error.
The simulation results and assessment parameters for the suggested controller are shown in Table 5.
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Table 5. Parameters of evaluating the simulation result of the proposed controller

Parameters Link1 (shoulder) Link2 (elbow)
M, (%) 0 0
ts 0.1888 0.1976
es.s 0.0023 -0.0005
t.(sec.) 0.1085 0.1183
1 ol [ | — o .
w= e ik of elbviw autpust
~ 05 1 —_afk
3 I = I
2060 & _pal
z E |
= p.all = ot
S0 £ |
=02 081
0 | | Ref. i
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Figure 2. The position of shoulder link Figure 3. The elbow link for linear path
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Figure 4. The control signal of link 2 for linear path Figure 5. The control signal of link 2 for linear path

5.2. Nonlinear path with 10% uncertainties and nonlinear disturbance

A sinusoidal input is introduced into the system at both joints to evaluate the tracking performance
of the suggested control approach. The insertions at the elbow (joint 1) and shoulder (joint 2) joints are then
repeated. In order to investigate the robustness of both control architectures, one of type disturbance 0.01
sin(20t) was placed in the system with an uncertainty of 10% in the coefficients of the function to investigate
the robustness of both control topologies. As a result of the simulation study, the position of the shoulder

link, the elbow link for nonlinear path, the control signal of link 1 for nonlinear path, and the control signal of
link 2 for nonlinear path are indicated in Figures 6-9 respectively.
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Figure 6. The position of shoulder link Figure 7. The elbow link for nonlinear path
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Figure 8. The control signal of link 1 for nonlinear Figure 9. The control signal of link 2 for nonlinear
path
6. CONCLUSION

The main purpose of this research was to create a model base adaptive controller (MBAC) that

could follow desired paths and make the two-link upper limb rehabilitation robot work better. The parameters
of this controller are obtained by the grasshopper optimization algorithm. The efficiency of the suggested
controller is indicated by the measured results' parameters, where the actual response of both links followed
the desired linear path with zero steady state error, and with no phase shift with the desired nonlinear path
despite the existence of 10% parameter uncertainty in £;(6,8) function and external disturbance
(0.01sin 20t ) in the linear case in the in achieving in the controlled case. These results indicate the
effectiveness of the proposed controller and suggest that their capabilities be studied in more complex
situations and physical implementations.
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