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Abstract

The traditional Proportional-Integral-Derivative (PID) controller is a feedback control loop that
is commonly used in industrial control systems with fixed parameters, whereas the adaptive
PID (APID) controller is based on the analysis of traditional PID controllers. It utilizes an online
parameter adjustment method built on the state of the system resulting in better system
adaptability. In this paper, the APID controller that is suggested by (Ebel, 2011) is used firstly
to control a 2-degree of freedom (DOF) lower limb rehabilitation robot. The structure of this
controller is then modified to perform a Modified Adaptive PID (MAPID) control in order to
improve the efficiency of APID controller and hence improve the performance of the
rehabilitation robot. The parameters of APID and the suggested MAPID controllers are
optimized by using Grey Wolf Optimization (GWO) algorithm. Linear and non-linear desired
trajectories are used to test the performance of the controlled rehabilitation robot. Simulation
results show that the obtained performance of the rehabilitation robot is more efficient with the
MAPID than with the APID having no overshoot and very small steady state error. The
controller has settling time of (0.463) and (0.851) seconds, and rise time of (0.485) and (0.752)
seconds respectively for link1 and link2.
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Introduction
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Stroke is a medical condition that occurs due to the obstruction of blood flow in the brain.
This results in a series of devastating biochemical reactions which can lead to the death of
brain neurocytes. When a stroke hits, it may put the patient in a state of post-stroke
paralysis. This is manifested by reduced memory and speech capabilities, and further
leading to impaired motor ability of the lower limps. Stroke rehabilitation approaches
dedicate their efforts to enabling the patients restore some or all of their physical capabilities
effectively and independently (Saryanto, Cahyadi and Herianto, 2014). Same efforts apply
to ease the lives of traumatic and spinal cord injuries’ patients. Such rehabilitation programs
would normally rely on the skills of a trained physical therapist. With the increase of
modern life’s dangers and consequences as well as the global shortage of trained personnel,
the mechanization/ automation of physical rehabilitation procedures would significantly
improve such programs while preserving patients’ private lives (Ju et al., 2005). A recent
trend in this direction is the development in robotics design robot mediated./aided therapy.
This approach can be particularly useful when traditional physical therapy backfires
(Veneman et al., 2007). Another important aspect of this technology in the era of aging
population is the assistance of the increasing elderly people to continue their lives
independently (Bien et al., 2004). The implementation of a stable controller within the
robot-assisted rehabilitation system is a crucial requirement for patients’ safety and physical
functionality. As such, nonlinearities and uncertainties in the robot dynamics while attached
to the patient's extremities must be in order to achieve the desirable stale results (Torabi,
Sharifi and Vossoughi, 2017). The proportional-integral-derivative (PID) control strategy
is implemented in a wide range of control engineering solutions. It is preferred for being
simple and effectiveness while being simple. Yet, fine tuning of this controller by selection
of suboptimal values for its parameters, the proportional (Kp), integral (Kj), and derivative

(Kqg) gains is deemed an area active of research. In conventional settings the gains of PID

controllers are fixed to predetermined values. However, adaptive control law can be
implemented to adjust these parameters continuously (Rahrooh, Motlagh and Buchanan,
2005). Both conventional PID and adaptive PID controllers are utilized effectively
rehabilitation robot procedures. (Wu et al., 2012) proposed RLSESN-based adaptive PID
control for a novel wearable rehabilitation robotic hand driven by PM-TS actuators for
improving the trajectory tracking performance of the rehabilitation robotic hand. (Gilbert,
Zhang and Yin, 2016) proposed a modelling and design of PID control system for lower
limb rehabilitation exoskeleton robot that decreases tracking errors to achieve desired
trajectory. Their published results show a good trajectory tracking performance for
exoskeleton in accordance with the dynamics of human motion. (Zahid et al., 2017)
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proposed reference model adaptive PID controller for 1-DOF rehabilitation robot to reduce
positioning error and make the robot beneficial for a wide range of stroke patients.

This paper focuses on designing a Modified Adaptive Proportional-Integral-Derivative
(MAPID) Controller. The proposed controller is inspired by the APID controller presented
in (Ebel, 2011). The parameters of the APID and the suggested MAPID controllers are
separately optimized by Grey Wolf Optimization (GWO) algorithm for tracking the
trajectory of a two-link lower-limb rehabilitation robot. The system employs a dynamic
equation for a human two-joint during-walk lower-limb model. Stability analyses of both
joints of a closed-loop controlled system based on the dynamic robot equations are
investigated by Lyapunov stability.

The rest of this paper is organized as follows: the dynamic mathematical model of the two-
link lower-limb rehabilitation robot is provided in section 2, the implemented controller is
detailed in section 3, the optimization algorithm is presented in section 4, simulation results
are discussed in section 5, and, finally, the paper concludes in section 6.

Dynamic Model of Lower Limb Rehabilitation Robot

297

The structure of a two degree of freedom (2-DOF) rehabilitation robot is shown in Fig. 1,
this robot consists of two links with two joints of the lower limb: a joint at the hip for link1
and a joint at the knee for link2. The dynamic model of this robot was derived by (Rezage
and Tokhi, 2016) based on anthropometric data (described by Winter (2009)) for a subject
with 74 kg in weight and 1.69 m in height [(Alshatti, 2019), (Winter, 2009)].

Figure 1 2-DOF Rehabilitation Robot (Rezage and Tokhi, 2016)

Mathematically, the dynamics of such a robotic system can be approximated by the
following form in Eq. (1): (Rezage and Tokhi, 2016).

M(0)6 +C(6,0)0 + G(6) = u(t) (1)
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where 6,0 and 6 are the vectors of the joint’s angle, angular velocity and acceleration,
respectively. M(6) € R*? is the inertia matrix of the lower limb, €(6,8) € R*? is the
vector of centrifugal and Coriolis torque of human limb, G(8) € R%**! is the vector of
gravitational torque of the human limb, u(t) indicates the control signal.

The robot dynamics, are represented in Eq. (2):
M4 M12] 91 n [Cu Clz] 9:1 n 61] _ [u(t)l] @)
My M) |6, Ca1 (2210, G, u(t);
The elements of the inertia matrix M (0) are presented in Eq. (3):
My = I + I + my(Lep)? + my(Ly)? + my(Lep)? + 2myLy Ly cos(6,)
My, = Myy = I + my(Le2)* + myLyiLe, cos(6;) 3
My, = I, + my(Ley)?
The elements of C (6, §) are given by Eq. (4):

Ci1 = —myLy L, Sin(ez)éz

Cry = —MyLyLe, sin(8,)(0; + 0,) (4)
Cy1 = myLqLe, sin(6,)0,
C2 =0

The parameter of the gravitational vector G (8) are given by Eq. (5):

G, = myL, g sin(6;) + mygL, sin(6,) + mygL., sin(6; +6,) (5)
GZ = ngLCZ COS(QI + 02)

The variables of these equations and physical parameters are defined in Table 1.

Table 1 The variables and physical parameters for lower limb rehabilitation robot

Parameter | Definition Unit Value
L1 Length of link 1 m 0.54
L2 Length of link 2 m 0.48
Lc1 Link (1) center of mass m 0.2338
Lc2 Link (2) center of mass m 0.241
my Mass of link 1 Kg 8

m2 Mass of link 2 Kg 3.72
Ih Inertia of link 1 Kg.m? | 0.42
I2 Inertia of link 2 Kg.m? | 0.07
g Gravity acceleration m/s® | 9.8

6, Link (1) angular displacement | Rad /

6, Link (2) angular displacement | Rad /

6, Link (1) angular velocity Rad/s | /

0, Link (2) angular velocity Rad/s |/

g Angular acceleration Rad/s? | /
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Adaptive PID (APID) Controller Design

The structure of the APID controller that is suggested by (Ebel, 2011) is used here to build
an adaptive controller for the two link lower limb rehabilitation robot. The block diagram
for the designed controller is shown in Fig. (2).

1 u(t)
'_D
1

u2(t
L M® Oienee

amc

Lower Limb
Rehabilitation Robot

Controller parameters

Grey Wolf
Optimization
Algorithm

Figure 2 The block diagram of the APID

Sigma function is defined as stated in Eq. (6):
a(t) = Xp e (t) + X, %e(t) (6)

where Q=1, 2 is the link number. e is the instantaneous error which represents the
difference between the current desired trajectory 8, and actual output 8¢ of link () as in

Eq. (7):
e =0, — 69 (7)
The control law for this controller is given by Eq. (8):
u, () = M(8,0) * upig™(t) (®)
Also, 1,4, (¢) is defined in Eq. (9):
Upia®(©) = K, () e2() + K2 () [ () dt + Kz () e2(t) 9

whereK,*(t), K;(t), and K, (t) are self-tune parameters obtained by Eg. (10) through
Eq. (12):

K20 = [K," ()= K,"(0) = —1,% o) () (10)
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K2 = [ K1) = K (©) = —n,2 02() [e®(0) dt (12)
K2(0) = [ K" (6) = kg (0) = =032 02(t) 62(D) (12)

where 1,9, 7,9, and n;? represent positive learning rate. It is crucial to choose the
appropriate learning rates and initial values for the controller gains.

The optimal parameters of the APID controller u, (t) of link1 (17,1, 1,2, 151, Xp',and Xp1),
and link2 (n,2,1,2, 132, Xp?, and X, ?) will be determined by the GWO algorithm.

Modified Adaptive PID (MAPID) Controller Design

In order to enhance the efficiency of the adaptive controller and improve its performance,
a modified adaptive PID controller is suggested to reduce the steady state error, and
overshot. Hence, the sigma function in Eq. (6) is modified as in Eq. (13):

a®(t) = (Xp e(t) + X,7 [ () + Xp e (t) (13)
As such, the control law in Eq. (8) is modified to that in Eq. (14):
Uma™(6) = M(6,60) (upia” (1) + 1, 2(1))  (14)
where u, () is defined in Eq. (15):
w,2(t) = tanh (62(t)) * Ky (15)

To this end, the optimization of the parameters of the modified adaptive PID controller is
accomplished by using GWO algorithm. The control goals are achieved through the fitness
function design of this algorithm. The Lyapunov function candidate is set to be as in Eq.
(16) and Eq. (17):

Ve =21 (a%(1))? (16)
Ve =0%t)d(t) <0 (17)

when V¢ < 0 it is guaranteed that ¢ — 0 as t — co. From Eq. (13), it can be written:
2(t) = (Xp e ®(t) + X, [ e2(t) dt + X,2(D)) (18)

Substituting Eq. (18) into Eq. (17):
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V=) [(Xp e () + X,2 [ () dt + Xp,%6%(t)) ] < 0 (19)

The optimal parameters of the controller u,,, (t) of link1 (n,%,n,%, st X%, X4, Xptand
Kyh), and link2 (n1:%,1,% 132 Xp2, X%, Xp? and K,,2) are also determine by GWO
algorithm, this is described in the next section.

Optimization Algorithm

Optimization is defined as the process of identifying the best solution for a specific problem
to obtain the desired cost function properties to reach the global optimum. The optimization
algorithms use multiple agents (solutions), to move through the search space in the process
of solving an optimization problem. In this paper we use GWO technique (Grey Wolf
Optimization Algorithm). The GWO fitness function ITAE (Integral Time Absolute Errors)
is given by Eq. (20) for each rehabilitation robot link (1, 2):

F =ITAE = [ tle(t)|dt (20)

Grey Wolf Optimization Algorithm (GWOA)

301

Grey Wolf Optimization (GWO) is a population-based meta-heuristics algorithm proposed
by Mirjalili et al. in 2014, it simulates grey wolf’s leadership hierarchy and hunting strategy
(Mirjalili, Mohammad and Lewis, 2014). Grey wolves are classified as apex predators.
They prefer to live in packs, each pack consists of five to twelve members, and each member
of the group adheres to a very strict social dominant hierarchy as illustrated in the Fig. (5)
below.

V'N

Figure 5 Social hierarchy of grey wolf (Mirjalili, Mohammad and Lewis, 2014)

This hierarchy is divided into four levels: the first is named Alpha (), and the alpha wolves
are the pack's leaders. They have the responsibility to decide on hunting, walking time,
sleeping place etc. The pack members are required to obey the decision of alpha. The second
level is known as Beta (), and betas are subordinate wolves who assist the alpha in making
decisions, the beta wolf is considered the best nominee to be the next alpha. They reinforce
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the alpha's orders throughout the pack and provides feedback to the alpha. Delta (&) is the
third level which are not alpha or beta wolves, and they are referred to as subordinates.
While the delta's wolves must submit to the alpha and beta, they dominate the omega (the
lowest level in the social hierarchy of wolves). The fourth (lowest) level is known as Omega
(w). Omega wolves are the pack's scapegoats, and they must subordinate to all other
dominant wolves. They may appear to be unimportant members of the pack, and they are
the last wolves allowed to eat. In GWO algorithm, the fittest solution is considered the
alpha, the second and the third fittest solutions are named beta and delta, respectively, the
rest of the solutions are considered omega. The optimization is guided by «, and £, and &
might participate occasionally, the w solutions follow these three wolves/agents. During
the hunting the grey wolves encircle prey, the mathematical model of the encircling
behaviour is presented in Eg. (21) and Eq.(22):

D = |Ce- Xpe(£) — Ag. X (0)] (21)
Xe(t+1) = Xpe(t) — Ag. Dg (22)

where t is the current iteration, A; and C;; are coefficient vectors, X, is the position vector
of the prey, and X, indicates the position vector of a grey wolf.

The vectors Agand C; are calculated as in Eg. (23) and Eq. (24):

AG = ZaG.TlG.aG (23)
CG = Z'TZG (24)

where components of a; are linearly decreased from 2 to O over the course of iterations and
16, T2¢ are random vectors in [0,1]. It is assumed that alpha, beta and delta have better
knowledge about the potential location of pray, thus, the first three best solutions are saved
and the other agent are obliged to update their positions according to the position of the best
search agents as shown in Eq. (25) through Eq. (31):

Do = |C16-Xog — Xglag (25)
Dge = |Cae- Xpe — X¢| ac (26)
Ds¢ = |C36-X56 — X¢l ag (27)
X16 = Xug — A16- (Dxglag (28)
X6 = Xpe — Aze- (Dﬁa)aa (29)
X3¢ = Xs¢ — Asg- (Dsg)ag (30)
Xo(t + 1) = aatXzettse (31)

3
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. @ or any other hunters

) Estimated position
of the prey

Figure 6 Position updating in GWO (Mirjalili, Mohammad and Lewis, 2014)

when |A;| < 1, the wolves approach towards the prey which represents an exploration
process. This process in GWO is applied according to the position, also, wolves diverge
from each other to search for prey and converge for attack. The exploration process is
modelled mathematically by utilizing A, with random values greater than 1 or less than -1
(, |Ag| > 1) to oblige the search agents to diverge from the prey to find a fitter one. GWO
finishes search by attacking the prey when it stops moving [(Mirjalili, Mohammad and
Lewis, 2014) - (Muro et al., 2011)].

Simulation Results

With the aid of the facility included in the MATLAB software version (R2019b), various
lower limb rehabilitation robot simulations are performed for linear and nonlinear desired
trajectories to demonstrate the efficiency of the APID and MAPID based on GWO
algorithm. The GWO parameters for each rehabilitation robot link (1, 2) are given in Table
2, and final optimal parameters for APID and MAPID for link 1 and 2 are given in Table 3.

Table 2 The parameters of GWO algorithm

Parameters APID MAPID

No. of iterations 50 50

No. of search agents 30 30

dim (number of variables) | 10 14

lower bound of variablen | [7;7;1;7,05;7,7;1;, |[7,7;1,7,05;0.1,7;,7;1;7;0.5
(Ib) 7;0.5] 0.005; 77; 97]

upper bound of variable n | [13; 13; 3; 13; 2.5; 13; | [13; 13; 3; 13; 2.5; 1.5; 13; 13; 4; 13;
(ub) 13; 4; 13; 2.5] 2.5; 0.05; 83; 103]
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Table 3 Optimal parameters of the APID and MAPID obtained by GWO algorithm

. Value
Links | Controller parameters APID MAPID
Nyt 9.80354 | 9.167085
n,1 11.8295 | 13.00000
] N3t 2.77214 | 1.036600
'-h'.”kl X, 10.2836 | 13.00000
(hip) 7y i / 1.201148
Xp' 2.22802 | 0.934094
Ky' / 83.00000
N2 7.00000 | 10.87779
1,2 13.0000 | 13.00000
] 132 1.21741 | 3.096483
'-k'”k2 Xp? 7.15899 | 13.00000
(knee) Iy / 2.049219
X2 0.509149 | 0.013300
Ky / 103.0000
Table 4 The evaluation parameters of the APID and MAPID simulation results
. Value
Links | Parameter APID MAPID
Mp(%) 0.056 0
Linkl | ts(sec.) 2.985 0.463
(hip) | ess 0.0000035 | 0.001
tr (sec.) 4.180 0.485
Mp(%) -1.106 0
Link2 | ts(sec.) 2.976 0.851
(knee) | ess 0.00001 0.010
tr (sec.) 2.271 0.752

Simulation Results of the Linear Trajectory
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The step response (positive unity step for link1, and negative unity step for link2) of the
controlled lower limb rehabilitation robot (position and control signal) are depicted in Fig.7
and Fig.8 for adaptive PID controller and modified adaptive PID controller. The results
with APID demonstrate that the robot's performance is insufficient compared to the
performance of MAPID which proves more efficient, where the rehabilitation robot follows
the desired path very fast, with no overshoot, small steady-state trajectory error, and a
smooth control signal (less than 400 N for link1 and approximately 100 N for link2). The
evaluation parameters of simulation results for the APID and the MAPID controller are
listed in Table 4. The performance of the simulation results are verified for link1 and link2
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by the values of ITAE (Integral Time Absolute Error) and IAE (Integral Absolute Error) in
Table 5.

Table 5 The ITAE and IAE values of the APID and M APID for the linear trajectory
Links [value

APID | MAPID
Link1 | 5.93 1.303
Link2 | 9.847 | 2.563
Link1 | 0.593 | 0.1303
Link2 | 0.9847 | 0.2563

ITAE

IAE

We notice from Table 5 the values of ITAE and IAE for MAPID with linear trajectory is
smaller than values for APID, this proves the MAPID controller is better than APID

controller.
T T T T T
1 =4
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Figure 7 The position of hip and knee links for linear trajectory with APID and MAPID
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Figure 8 The control signals for linear trajectory with APID and MAPID

Simulation Results of the Non-Linear Trajectory
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The simulation results of the lower limb rehabilitation robot with the APID and MAPID
tested by the nonlinear cosine input signal (x;* = 7T/4 + (1 — cos3t)) forlinkland (x 2 =
7T/6 + (1 — cos5t)) for link2 are illustrated in Fig. 9, and Fig. 10; these results show that
despite the nonlinearity of the input signal, the performance is dependable. The results show
the control signal is smooth (less than 400 N for link1 and less than 100 N for link2) with

MAPID and the results show a bad performance with APID. Table 6 gives the values of
ITAE and IAE for this experiment.
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Table 6 The ITAE and IAE values of the APID and MAPID for the non-linear trajectory

. Value

Links = p1D TMAPID

Linkl | 20.44 | 2.145
ITAE " ink2 126.73 | 2.808
A | Linkl [2.044 [0.2145

Link2 | 2.673 | 0.2808

We notice from Table 6 the values of ITAE and IAE for MAPID with non-linear trajectory

is smaller than values for APID, this proves the MAPID controller is better than APID
controller.

-y
in
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—

0.5 |
oi]x?:g ! / Ref.
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a. Link of hip output
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b. Link of knee output
Figure 9 The position of hip and knee links for non-linear trajectory with APID and
MAPID
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Figure 10 The control signals for non-linear trajectory with APID and MAPID

Conclusions

This work is dedicated to the investigation of the design of adaptive PID (APID) controller
and suggest a modified adaptive PID (MAPID) controller for 2-DOF lower limb
rehabilitation robot based on grey wolf optimization (GWO) algorithm to improve the
performance of lower limb rehabilitation robot and track the desired trajectory. The overall
results show the robot's performance is insufficient in the case of APID compared to the
performance when using the MAPID controller. The results show that overshoot is reduced
from 0.950 to 0 and from -1.929 to O respectively for linkl and link2, settling time is
reduced from 2.985 to 0.463 and from 2.976 to 0.851 respectively for link1 and link2, has

improved the robot's performance with no overshoot, small steady-state error, and a smooth
control signal.
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