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Abstract: A Human Leg Robot (HLR) is a type of
manipulator robot that has non-linear, quality, time-
varying behaviors and uncertainty in parameters.
Therefore, it must be controlled. The purpose of this work
is to design an optimal Improved Proportional-Integral-
Derivative (IPID) controller for this robot to improve its
performance in tracking the desired path. Two schemes of
IPID controllers are suggested to enhance the
performance of the traditional PID in controlling the
human leg robot and following the desired path. The
Grasshopper Optimization Algorithm (GOA) is considered
to optimize the IPID parameters. The performance of the
suggested IPID structures has been compared to
traditional PID methods. The simulation results show that
the efficiency of these schemes was enough to handle the
tracking problems of the HLR.

Keywords: human leg robot, optimal Proportional-
Integral-Derivative, grasshopper optimization algorithm

1. Introduction

Robot manipulators are crucial in modern
industry because they reduce manufacturing
costs and improve precision, quality,
productivity, and efficiency. Controlling robot
manipulators is difficult due to their nonlinear,
linked, and time-varying characteristics.
Furthermore, there are always uncertainties in the
dynamic model of the system, such as external
disturbances and parameter uncertainty, which
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cause the robot manipulator systems to operate in
an unstable manner.

In spite of several control algorithms for robot
manipulators, PID control remains one of the
preferred methods in many actual robot systems
[1]. The key reason is that the notion is intuitive,
and the PID design is simple. In this way, PID
controls are the simplest and most efficient
solution to a wide range of real-world automated
control challenges. Furthermore, PID regulators
are the foundation of most industrial control
systems. The main reason for using a PID
controller is that it is based on a strong
educational foundation in control theory.

In summary, the derived procedure is known as
improving the closed-loop system's dynamics,
whereas the integrated procedure is known as
removing the steady-state error and improving
low-frequency reference tracking [2]. As a result,
a number of papers have addressed the PID
control of robotic manipulators [3, 4]. By using a
typical PID control strategy for robotic systems,
they will encounter at least two major drawbacks.
First, since the feedback gains of a conventional
PID controller are usually constant, the overall
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performance of a closed-loop system may be
poor in the presence of dynamic uncertainty or
external disturbances. Many technologies have
been developed to address this issue, such as
genetic algorithms, fuzzy logic, neural networks,
and particle swarm optimization, to enable
autonomous PID gain adjustment [5-7].

Integrating such methods, on the other hand, can
add to the overall controller's complexity.
Second, stability has always been a big worry
with PID control in robotic systems, because
unmolded dynamics or disturbances are prone to
driving the system out of its stated stability
regime.

The literature shows that PID controllers have
been improved using several methods. In [8], a
hybrid PD-PID controller has been developed for
two-link flexible manipulator systems. The
authors [9] have presented a new modified PID
hybrid fuzzy controller for robot manipulators
that provides high performance nonlinear
methodology.

An optimal improved PID controller is suggested
in this paper for a single-link Human Leg Robot
(HLR). This controller consists of an optimal
PID controller and a feed-forward controller. The
details of this controller will be explained in the
sections of this paper.

The rest of the paper is organized as follows: The
dynamics of HRL are presented in Section 2. The
proposed control scheme is described in Section
3. GOA is described in Section 4. Simulation
results and discussion are presented in Section 5.
Concluding remarks are given in Section 6.

2. Dynamic Model of the Single Link HLR

The human leg robot (HLR) can be modeled
depending on the relationship between the output
of the angular rotation around the hip joint and
the input torque that is generated by the muscles
of the leg [10]. Figure (1) shows a cylindrical
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model of a simplified human leg robot. The
parameters of this model are defined by Table

(1).

Hip joint

Figure 1. Cylindrical model of a simplified human leg
robot [11].

Table 1. The description of HLR model parameters.

Symbol Description Value
L: the length of the leg and the 05m
weight can be determine as L/2. '
D: viscous damping. 0.1 Nms/rad
M: mass of the leg. 1 kg
J: inertia around the hip joint. 0.4 kgm?/s?
g: acceleration due to gravity creates 9.81

a nonlinear torque.

: torque supplied by DC motorT,,
L: the length of the leg and the
weight can be determine as 2.

The nonlinear dynamic model equation of this
robot can be written as follows [11, 12, and 13]:

d%6

de L .
W+DE+MgEsm0 = T (t)

1)

d?e . . . dae
Where (ﬁ) term is the inertia torque, D -, term

is the damping torque, and Mg%sine term is
the component of weight.

With small angle approximation, Eq. (1) can be
linearized, where the 6 variation is small,
therefore the sin 6 term can be approximated
to 4, and hence Eq. (1) becomes:

d?e

dae Lo
dt2 +DE+Mg7—

J m(t) (2)
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0(s) _ 1/]

D A MgL
T S 2
m(S) s+]s+ 2J

(3)

By substituting, the parameters of Table (1), the
Eq. (3) becomes:

0(s) _ 2.5
Tm(s)  s2+0.0255+6.131

Gr(s) = (4)

This transfer function has two complex poles:
-0.0125+2.4761j, -0.0125-2.4761j.

3. The Suggested Improved PID Controller

Two schemes of an improved PID (IPID)
controller are suggested in this paper to make the
HLR follow the desired position accurately.
These schemes consist of two parts. The first part
is an optimal PID controller, while the second
part is a forward controller. The term "feed-
forward" was coined in the early years of the
development of the control systems field as an
intuitive name to refer to the counterpart of the
feedback used in closed-loop  systems.
Additionally, it is a block that connects the input
of the control system to the input of the
controlled plant, as depicted in Figures (2) and
(3). The feed-forward block is used as a tool to
eliminate disturbances to the plant coupled with
feedback control [14]. The forward controller is
added to enhance the performance of the optimal
PID in controlling the HLR to follow the desired
trajectory. The GOA tunes the parameters of the
optimal PID part of these schemes and the
parameters of the desired model. The following
subsections explain these two schemes in more
detail.

3.1. Improve PID Scheme I (IPID-SI)

The block diagram of this scheme is shown in
Figure (2).
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Figure 2. The block diagram of the IPID-S1.

This controller consists of the optimal PID and a
feed-forward controller, so the overall controller
becomes:

u (1) = ugy () +us, (t) (5)
The equation of ug, (t) is:
U () = Kpe(t) + K; [ e(®)dt + Kg 52 (6)

Where K; is a proportional gain, Ki is an integral
gain, and Kg is a derivative gain. The e (t) is the
error signal, which is the difference between the
desired angle and the actual leg output angle.
GOA determines the parameters of Kp, Ki, and
Kq. The feed-forward controller represents the
improvement part of the optimal PID. This
controller is chosen to be equal to the inverse of
the equation of the linear robot model. Therefore,
the equation is:

us1 () = gr (t)_l (7)

3.2. Improve PID Scheme 11 (IPID-SII)

The block diagram of this scheme is shown in
Figure (3), where the optimal PID is sum with the
feed-forward controller, the control law of this
scheme is:

uc(t) = uxl(t) +ux2 (t) (8)

Where u,(t) is an optimal PID (Eq.(6)), while
a feed-forward part is chosen equal to the inverse
of a desired second order linear equation, the
desired equation is:



Journal of Engineering and Sustainable Development (Vol. 26, No. 02, March 2022

ISSN 2520-0917

wn?
s2428wpSs+wn?

D(s) = )
Where w,, is natural frequency, ¢ is damping
ratio. The parameters of (w, &) and the optimal
PID controller are tuned by the GO algorithm.
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Figure 3. The block diagram of the IPID-SI1.

4. Grasshopper Optimization Algorithm

Saremi et al. introduced the GOA algorithm in
[14], which is a new and fascinating swarm
intelligence algorithm that simulates grasshopper
foraging and swarming behavior. Grasshoppers
are insects that cause havoc on crop production
and agriculture [15, 16]. 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 [15].

Nymph and adult motions define the
intensification and divarication phases of GOA.
The mathematical model for grasshopper
swarming behavior is as follows [15, 16]:

Xi =Sl+ Wi+Zi (10)

In the above equation, X; represents the
grasshopper's it" position, Si represents social
participation, W; represents gravitational force
over a grasshopper, and Z; represents air-

advection. In the preceding equation,
randomness is produced by:

106

Whereh,, h, and h; are random numbers
between zero and one. S; is designed as follows:

S;=x1s(d;)d,

J#i

(12)

The distance between it* and j* grasshopper is
computed using Eq. (13).

dji = | — x| (13)
In addition:
dy =4 (14)

Moreover, the strength of the social forces is
described in Eqg. (15).

d

s(r) =FyT —y™¢ (15)

Where F denotes the attractive force, d denotes
the distance, and | denotes the attraction measure.
Eq. (10) represents the W component and can be
written as:

W; = —b3y, (16)

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 Eq. (10) is given as:
Zi =Y (17)

Where c is the continuous wind drift and ¥,
shows the wind direction unit vector. By putting
the values of S, W, and Z into Eq. (10), we get:

Xj

i—xi
dji

X;= Zﬁy=1 S(|xj - xi|)

Jj#i

— by, +chy (18)
The swarm in the free space equation above is
used in simulation to describe the interaction of
grasshoppers in a swarm. The flowchart for the
GOA is given in Figure (4). The cost function
used in this research is ITSE (Integral Time-
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weighted Squared Error), which is described by
the following equation:

Fitness= ITSE = fot t * Eror(t)? (19)

Where Eror is the error between the desired
input and the response in each link.
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Figure 4. Flowchart the GOA algorithm.

5. Simulation Results

The simulation results of the traditional optimal
PID and the suggested IPID schemes based on
the GO algorithm have been presented for
controlling the position of the single link HLR
nonlinear model using the MATLAB program. In
this section, the results of two paths for the
position of the robot are tested: the linear and the
non-linear path. In order to investigate the
robustness of control, a nonlinear sinusoidal
(0.01sin (5t)) disturbance is included with the
HLR model.

The parameters of the GOA that are considered
are given in Table (2), and hence the optimal
parameters that are obtained by GOA for the
traditional PID, IPID-S1, and IPID-SII schemes
are listed in Table (3).
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Table 2. The parameters of the GOA.

GOA parameters Value
Number of search agents 25
Max iteration 5
intensity of attraction ( f) 0.5
attractive length scale (1) 1.5

Table 3. Optimal parameters of the PID, IPID-SI, and

IPID-SII.
Controller PID IPID-SI IPID-SII
K, 34.3695 49.6709 4.6673
K; 11.2689 3.7446 7.8907
K, 5.9994 11.0822 1.5506
& 8.5749
w, 8.5749

The simulation results of HLR for the linear unit
step desired angle (position, velocity, and control
signal) are shown in Figure (5), and the
comparing evaluation of PID, IPID-SI, and IPID-
Sl results are shown in Table (4). These results
show that all the controllers (PID, IPID-SI, IPID-
SII) improved the performance of the HLR with
fast response (small settling time ts), nearly zero
error steady state ess, minimum or no oscillation
(maximum peak Mp%< 1.1), maximum torque
(M1< 35 N/m) spatially with the suggested IPID-
SI, IPID-SI11 which gives more improvement than
the PID controller as illustrated in Figure (6) and
Table 4.

Table 4. The evaluation parameters of the traditional
PID and the suggested controller.

Parameters IPID- IPID- PID
Si Sl

M, (%) 0 0 1.0870

ts 0.6153 0.695 0.4103

€55 0.0004 0.0003 -0.0001

t,-(sec.) 0.3553 0.3871  0.2668
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| (- The simulation results of HLR for the nonlinear
/ sinusoidal desired angle (position, velocity, and
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Figure 5. Simulation results of the HLR model with the
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Figure 6. Simulation results of the HLR model with the
suggested controllers (a) output position, (b) output
velocity and (c) the control signal.
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It can be noticed from Figure (6) that all the
controllers satisfy the design requirement by
making the robot system follow the nonlinear
path (desired position and velocity) with fast
response, very small or zero error, no overshoot,
and maximum torque (Mt< 16 N/m) spatially
with the suggested IPID-SI and IPID-SII.

The simulation results of both linear and
nonlinear paths illustrate the efficiency of the
suggested IPID-SI and IPID-SII models. In
particular, the IPID-SI spatially feed-forward
controller depends on the linear HLR model.

6. Conclusion

This paper focuses on suggesting two different
optimal improved PID control schemes (IPID-SI
and IPID-SII) to improve the performance of the
HLR robot in tracking the required paths. The
GO algorithm was used to improve the properties
of the suggested control schemes. Through the
simulation results of the controlled HLR, the
IPID schemes showed better performance with
fast response and efficiency in addressing the
tracking problems under disturbance compared
to the traditional optimal PID controller, spatially
IPID-SI.
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