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Direct Current (DC) motor is considered a very critical component of various industrial drive equipment. This is
due to their unique advantages including reasonable cost, speed-torque characteristics, ease of control, etc. While
most DC motor drive applications often employ PID controllers to regulate the speed of the machine, selecting
the optimal design parameters for the controllers used in these applications often posed a serious challenge.
Moreover, as the complexity of the industrial process increases, the need for precise speed and position tracking
becomes necessary. This current study proposes a novel Leader-based Harris Hawks Optimization (LHHO) al-
gorithm for the design of Proportional-Integral-Derivative (PID) and Fractional Order Proportional-Integral-
Derivative (FOPID) controllers to achieve optimal speed regulation of DC motors. The LHHO algorithm is an
innovative meta-heuristic algorithm that draw inspiration from the cooperative hunting behavior and leadership
prowess of the Harris Hawks called the “seven pounds”. While several error functions were tested in this study,
the integral of time multiplied absolute error (ITAE) has been adopted as the error function for obtaining the
parameters of PID and FOPID controllers using the LHHO algorithm. Through quantitative evaluations and
comparisons with existing techniques, the proposed controllers (LHHO-PID and LHHO-FOPID) have revealed
significant improvements in key performance metrics, including rise time, settling time, and maximum overshoot
during transient periods when ITAE is used as the error function. Furthermore, the stability response and
robustness analyses were carried out by varying the parameters of the DC motor under eight scenarios, which
confirmed competitive performance in system response and transient behavior.

1. Introduction control structure to regulate the operation of a plant and maintain

desired output characteristics in relation to the reference signal. Within

Direct Current (DC) motors remain the most preferred choice for a
wide range of high-performance motion control applications. These
motors are particularly well-suited for low-power and highly precise
servo applications due to their attractive features such as cost-
effectiveness, favorable speed-torque characteristics, and ease of con-
trol [1-3]. These distinctive advantages place them as the preferred
choice across various industrial sectors, where precise speed control and
cost efficiency are of paramount importance. Consequently, position
control of DC motor has attracted substantial research attention over the
years, and several techniques have been proposed [4-6]. In the context
of industrial applications, traditional motor controls employ a feedback
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a feedback control system, a representative parameter is measured to
capture the system’s output. Any detected variations in this parameter
are then leveraged to modify the plant’s operational characteristics,
with the goal of regulating the system and ensuring that the output
meets the desired specifications. The primary purposes of a feedback
control system revolve around mitigating the influence of disturbances
on the system’s output and minimizing the sensitivity of the closed-loop
response to fluctuations in plant parameters [7]. This system involves an
actuator that modifies the signal within a continuous feedback loop via a
controller.

Proportional-Integral-Derivative (PID) controllers are a popular
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choice for speed and position control of DC motors owning to their
notable attributes such as simplicity, reliability, transparency, high ef-
ficiency, and robustness [8,9]. These controllers have gained wide-
spread acceptance for control in process and automation industries
globally. Various modes of the PID control system, including propor-
tional only (P-mode), proportional and integral (PI-mode), proportional
and derivative (PD-mode), as well as proportional, integral and deriv-
ative (PID-mode), can be implemented to meet the specific needs of the
various processes [8,10]. While integer order PID controllers provide
robust and fairly good performance, the selection of their design pa-
rameters yields suboptimal results. Another controller closely related to
the conventional PID is the Tilt Integral Derivative (TID) controller. In
this controller, the proportional coefficient is substituted with a
component that exhibits a transfer function represented by 1 /s~". This
component, known as the tilt, introduces a frequency-dependent feed-
back gain that is shaped or tilted relative to the proportional coefficient
[11,12].

In control engineering, the accurate modeling of system dynamics
plays a crucial role in determining the overall performance of any
control strategy. It has been observed that several real-world dynamic
systems can be better characterized using a non-integer order dynamic
model based on fractional calculus, as evidenced by recent studies. Due
to the availability of various approximation methods for fractional dif-
ferentiation and integration, the significance of fractional order calculus
in controller design is becoming increasingly apparent. Fractional Order
PID (FOPID) is an improved version of the traditional PID controller,
utilizing fractional derivative-integral calculus [4,13]. This controller
consists of two additional parameters: the order of fractional integration
(1) and the order of fractional derivative (u), in addition to the gains of
the conventional PID. By introducing this expansion to the conventional
PID, the controller becomes more robust and flexible [14]. Studies have
shown that non-integer order controllers provide more flexibility in
adjusting gain and phase characteristics for integer order plants
compared to integer order controllers. These characteristics make
Fractional Order controller a valuable tool in creating robust control
systems with fewer controller parameters to tune [15].

Due to the increasing complexity of industrial processes, tuning
controller parameters has become a challenging task [16]. While clas-
sical integer-order PID controller has three parameters to tune, FOPID
controller has additional two tuneable parameters. The larger number of
parameters in FOPID makes them more challenging to tune. The efficacy
of fractional order controllers in practical applications largely depends
on their tuning methodologies. Thus, without proper tuning, the per-
formance of these controllers can suffer significantly, particularly when
faced with conflicting design specifications [17]. Mainly, tuning
methods can be categorized into numerical, analytical, and rule-based
[18,19]. Heuristic based tuning methods fall into the category of nu-
merical approach and have been widely used by many researchers in the
literature [20-28]. These algorithms are commonly used to tune
controller parameters for real-world applications such as DC motor
speed control, automatic voltage regulation, functional electrical simu-
lation system, etc. These applications serve as a testbed to evaluate the
performance of meta-heuristic optimization algorithms. While various
meta-heuristic optimization algorithms such as CPSO [29], GWO [30],
PSO [6], GA [31],IWO [32], SFS [33], IGWO [34], ASO [35], ISMA [36,
371, etc., have been employed to tune the gain parameters of PID and
FOPID controllers in DC motor speed regulation applications, studies
that explored the unique cooperative behavior and chasing pattern in
Harris Hawks Optimizer (HHO) and its improved version (Leaders
Harris Hawks Optimizer) for DC motor speed control remain limited.

To leverage the improvement brought to the exploration and
exploitation of optimal solution space by LHHO’s adaptive chasing
pattern and unique cooperative behavior, this current work proposed an
LHHO-based PID and FOPID controllers for speed control of DC motor.
The parameters of these controllers are optimally tuned using Harris
Hawk-based algorithms with various objective functions. A critical
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stability as well as the robustness analyses of the proposed controllers
was carried out with reasonable variations in the parameters of the
plant. The outcomes of proposed control schemes were effectively
evaluated in comparison with established methodologies documented in
the existing literature. The unique contributions of the approaches
suggested in this paper can be summarized in threefold:

e This study proposes a novel application of Leaders Harris Hawk
Optimization (LHHO) algorithm for optimal parameters tuning of
PID and FOPID controllers in DC motor speed regulation.

o The effectiveness of the optimally designed controllers (LHHO-PID
and LHHO-FOPID) was rigorously verified in relation to performance
criteria and convergence profiles.

e The proposed LHHO-PID and LHHO-FOPID controllers demonstrated
better robustness against system model uncertainty, thereby
improving performance as compared to other common controllers
[6,34,35,38].

The rest of this paper is organized into the following sections: Section
2 provides a review of the related literature, while Section 3 outlines the
details of DC motor, including its model and design requirements. In
Section 4, the proposed Leader Harris Hawk Optimization (LHHO) al-
gorithm is presented, along with a discussion of the fundamental con-
cepts of PID and FOPID controllers in Section 5. The proposed system is
described in Section 6, and the simulation results are discussed in Sec-
tion 7. Finally, Section 8 concludes the study.

2.0. Related work

Several studies have been identified in the literature that employ
diverse meta-heuristics optimization algorithms to tune the parameters
of the control system. In the study described in [4], ASO-PID, ASO-FO-
PID, and ChASO-FOPID controllers were developed using objective
functions of ITAE and Integral Time Multiplied Square Error (ITSE) for
the control of DC motor. The performance of the proposed controllers
were compared with GWO-FOPID [16], GWO-PID [16], IWO-PID [39],
and SFS-PID [40] controllers. The findings indicate that ASO-FOPID and
ChASO-FOPID controllers exhibit better performance compared to the
existing approaches. A study conducted in [16] aimed to design
GWO-PID and GWO-FOPID controllers for the control of DC motor,
utilizing an ITAE objective function. Comparative analysis against
IWO-PID, PSO-PID, and SFS-PID controllers demonstrated that
GWO-PID and GWO-FOPID achieved superior performance with regards
to settling time, overshoot, and rise time. In [5], HGSO and OBL/HGSO
algorithms were developed to manage the speed of a DC motor using the
ITAE objective function. Upon evaluation, the proposed OBL/HGSO
algorithm exhibited superior control performance and robustness when
compared with ASO, SFS, GWO, and SCA algorithms under both un-
certainties and load disturbances.

In a recent development, [41] proposed the Harris Hawk Optimiza-
tion (HHO) algorithm that leverages a mathematical model which
mimic the hunting behavior observed in hawks. The HHO-PID controller
was employed to regulate the speed of a DC motor in [38], with the
objective of minimizing the ITAE performance criterion. The perfor-
mance of the proposed control algorithm was evaluated through a
comparative study with ASO-PID, GWO-PID, and SCA-PID controllers,
utilizing transient response and robustness analyses. Results revealed
that the step response of the HHO-PID algorithm demonstrated superior
performance, exhibiting lower values for maximum overshoot, rise time,
and settling time in comparison to the other controllers. Similarly, the
authors in [42] put forward an HHO-based PID/FOPID controller to
control the speed of a DC motor. The proposed controller was designed
using three objective functions and the result shows better performance
when evaluated against established methods like IWO-FOPID/PID,
GWO-FOPID/PID, and SFS-FOPID/PID. The study in [43] employed a
Non-linear Auto Regressive with eXogenous input (NARX) network
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Fig. 1. Equivalent circuit of an externally excited DC motor.
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approach to identify system dynamics, utilizing a DC motor and a
HHO-tuned FOPID controller as plant and controller, respectively. The
proposed technique was evaluated under both step and load response
conditions and demonstrated stable and superior performance
compared to conventional PID/FOPID controllers.

The majority of meta-heuristics-based PID and FOPID controllers
proposed in the literature are susceptible to issues associated with
nonlinearity, time-varying dynamics, and significant parameter un-
certainties. Such challenges can result in suboptimal control perfor-
mance, instability, and/or overshoot. To overcome these challenges, in
the proposed method, the robustness and adaptability of Harris Hawk
Optimization (HHO) algorithm has been explored. This is particularly
motivated by the algorithm proficiency in exploring the solution space
and identifying optimal parameter values that can compensate for the
effects of nonlinearities and uncertainties in the system. Furthermore,
this algorithm has significantly shown improvement in the control
performance, stability, and robustness in the speed control of DC motor
system and others various applications. However, due to the equal
perching chance among the Hawks in HHO, with fixed probability of
0.5, the exploration behavior of HHO is limited, random and constrained
[20,44].

3.0. System component modeling

The control system under consideration in this study consists of a
controller and a plant which in this case is a DC motor. The overall
objective of the system is to control the speed and direction of the DC
motor. In the following sub-section, we provide a comprehensive
description of the mathematical modeling of each of these components.

3.1. Modeling of DC motor

The two commonly used DC motors in industry are the externally and
self-excited types. This study focuses on the use of an Externally Excited
DC Motor (EEDCM) for speed control of the armature voltage [45]. The
EEDCM is composed of two main control sections: the field and arma-
ture. Fig. 1 depicts the equivalent electric circuit of the armature along
with the free body diagram of the rotor.

The speed control of the DC motor is typically achieved through the
manipulation of the armature voltage (V), which generates an electro-
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Table 1
DC motor simulation values.
S/N Variable Value
1 R, 0.4 Q
2 L, 2.7H
3 J 0.0004 kg m?
4 B 0.0022 N m s/rad
5 Kn 0.015 N m/A
6 Ky 0.05Vs

mechanical force when current (i) flows through the circuit in a
manner that is proportional to the rotational speed [46]. Applying
Kirchhoff Voltage Law and Newton second law of motion to Fig. 1, the
differential equation of the armature circuit is as shown in Eq. (1).

di

M
+ep

dt M

Vo = iR, + L,

When the flux remains constant, the induced voltage e, in the motor is

directly proportional to the angular velocity o as presented in Eq. (2).
do

ep = be = wa

dt 2)

The torque generated by the armature current is the combined effect
of the inertia and frictional torques, resulting in a total torque as
depicted in Eq.3

dw

T, — T, =J
e

+ Bw = K,i, 3

Where v,, i,, R, and L, are the applied voltage, current, resistance
and inductance of the DC motor armature measured in [V], [A], [Q] and
[H] respectively. e, and K}, are the back electromotive force and constant
measured in [V] and [V.s /rad] respectively. Also, 6 and w are the angular
speed and velocity of the motor shaft in [rad /s]. T,, T; and J are the
electric torque, load torque and moment of inertia of the motor in [N.m]
and kg.m? respectively. B and K, are frictional and torque constants of
the motor in N.m.s/rad and N.m/A respectively.

Applying Laplace transform and setting initial conditions to zero to
Egs. (1-3), yields equations (4-6):

Va(s) = (Las +Ra) Lo(s) + Ey(s) @)
Ey(s) = Kyo(s) 5)
T.(s) — Tu(s) = (Js+B)a(s) = K,l.(s) (6)

Substituting Eq. (5) in 4 and simplifying Eq. (4) and 6 yields Eq. (7)
and 8:

I(s) = L) = Keols) EZ); f,’;j’)(s) %
_ L) = Tu(s) . Ku
ols) = (Us+B)  (Us+ B)‘“(s) ®

The block diagram of a separately excited DC Motor is as shown in

p— TL(S)

Va(®) Ls + R

Te(s) 1l
+ Js + B

w(s)

Ky

Fig. 2. Block diagram illustrating the structure of a separately excited DC Motor.
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R(s) 4 E(s) U(s) Y(s)
Controller » DC Motor Plant >
— Ge(s) Gp(s)
Fig. 3. Block Diagram of a DC motor with controller.
R(s) 4 E(s) . U(s) K Y(s)
K, + Kis© + Kgs > >
(Las + Ro) (Js + B) + KoK
- Gpin(s)
Gp(s)
Fig. 4. Block Diagram of a PID-controller DC motor.
R(s) 4 E(s) ’ U(s) K Y(s)
K, + Ks™ + Kg'—> >
(Las + Ra) (Js + B) + KoK
- Gropm(s)
Gp(s)
Fig. 5. Block diagram of a FOPID-controlled DC motor.
Table 2 G, (s) = 0.015 10)
List of commonly used objective functions. 3= (2.7s 4+ 0.4)(0.0004s + 0.0022) 4 0.00075
S/ Objective Function Expression Equation 15
N number
Gyls) =g an
1 Integral of Absolute Error (IAE) Gim 20 1.08s% + 6.1s +1.63
IAE = / le(t)] dt
2 3.2. DC motor speed control with controllers
2 Integral Squared Error (ISE) Lim 21
ISE = / e(t)de In control engineering, controller systems serve as a means of con-
0 . . .
3 Integral of Time multiplied Absolute e 29 ne.ctlng the process varlal?le, which d.enotes the current state of a system,
Error (ITAE) ITAE — / tle(t)] dt with the setpoint, reflecting the desired state of the system. These sys-
) tems are utilized to increase the accuracy of continuous states by
4 Integral of Time multiplied Squared i 23 reducing steady state error and improving the response time of an over-
Error (ITSE) ITSE = | te?(t)dt
damped system [51]. The two commonly employed controllers for
0 . . .
5 Integral of Squared Time multiplied - 2% regulating the speed of a DC motor are PID and FOPID. Fig. 3 depicts the
by Square Error (ISTSE) ISTSE / 2e2(tdt block diagram of a general DC motor speed controller.
0
6 Integral of Squared Time multiplied Gim 25

by Error, all to be squared (ISTES)

ISTES = /
0

|Pe(t)|2dt

Fig. 2. The transfer function representing the relationship between from
input voltage V,(s) and output motor speed w(s) of the DC motor, in the
absence of load torque can be expressed by Eq. (9).

Gy(s) = =

o(s) K

Va(s)

(Las + Ra)(Js + B) + KpK,y

for Ty (s) =0

)

For simulation, the parameter values outlined in Table 1 were

employed,

as referenced in previous studies

[4,42,47-50]. By

substituting these values into Eq. (9), we obtain Eq. (10). Furthermore,
through the simplification process, Eq. (11) is derived.

3.2.1. DC motor speed control with PID controller

In process control industries, PID controllers are widely adopted due
to their numerous advantages. The stability analysis of these controllers
is notably simple, and they can be easily tuned. PID control utilizes a
closed loop control feedback mechanism to maintain the actual output
as closely as possible to the setpoint. The time-domain representation
and transfer function of a PID controller are given as shown in Eqgs. (12)
and (13).

d

) = Kyelt) + K [ o)+ Kifelt) a2
K, K5+ K; + Kus?

Gr(s) = Ky +'+ Kus :w: K, + Kis™ + Kus (13)

From Fig. 4, the closed-loop transfer function of the PID-controlled
DC Motor with unity feedback is given as presented by Eq. (14).
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' Begin ' Update the best position vector X,, using equation (41)

f

, Choose the next generation vector X;,a(t+1)) using equation (40)

Assign parameters T
N, D, UB, LB, tmax

Evaluate the fitness value fiX.sa(mut)) of a new mutation vector X; pau(mut)

f

—~ Calculate the new mutation position vector X;sau(mut) using equation (39)
Generate the random position
vector Xi.pawk for i-th hawk J T

Y

Define the position vector based on the fitness score
obtained in the last step as Xpestnawk(t), Xbestr-hawk(t),

) and Xpestz-hawk(t) for best and worst fitness values, respectively

6 - B
Evaluate the fitness function T

f(Xihaw) for hawks i,
withi=12, .., N

Evaluate the fitness function f(X.saw(new)) for hawks i, withi=1,2, ..., N

- f
Update position vector X yau(new) using equation (37)
Y
B I
Define the best and worst
position vector as X,, and
1 Xusthawk among N hawks 9
A
t=t+1
)4 | Update position vector
X:. new) using equation (34
Fa |Se i hawk( ) g €q ( )
t< tnaxit

A

(Return the best solution Xp,ey]

True

7

4 ¢ l Update position vector
@C@ End Xinawk(N€W) using equation (33)

A4

[ Update escape energy Epry ]

using equation (26)
Update position vector

— :
Xihawk(new) using equation (31)
A
Calculate the perching
probability P:,,using Initialize the evading
equation (28) probability of each events, r
False
b | Update position vector True
Calculate the jumping strength Xinaw(new) using equation (29)
J using equation (32)

Fig. 6. Flowchart of the LHHO algorithm for speed control of DC motor.
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Algorithm 1

Pseudo-code of LHHO algorithm.
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Algorithm 1: Pseudo-code of LHHO algorithm
/* initialization®/
1 Set algorithm parameters N, D, t,,4,, UB, LB;
2 Generate random position vector X;_pqwi for i® hawk att = 1
3 Begin
4 Evaluate the fitness function f(X;_pqwx) for hawks i withi = 1,2,...N
5 Define the best and worst position vector as Xp,r¢, and X,,5;_pqwr @among N hawks from 1
6 while t < t,,,, do
7 foreach hawk i in population do
8 Update the escaping energy (Ep,.,) using Eq. 26
9 Calculate adaptive perching probability (P;_,,) using Eq. 28
10 Calcualte the jumping strength (N) using Eq. 32
11 /*exploration stage*/
12 if escaping energy |Eprey| >1do
13 | Update the new position vector X;_pqwi (new) using Eq. 29
14 else
15 /*exploitation stage*/
16 if |Eprey| < 1do
17 initialize the evading probability of each events,
18 /*soft besiege*/
19 if r = 0.5 and |E,,.,| = 0.5) do
20 | Update the position vector X;_q,,, (new) using Eq. 31
21 else
22 /*hard besiege™/
23 if (r > 0.5 and |Epyey | < 0.5) do
24 | Update the position vector X;_pq,,, (new) using Eq. 33
25 else
26 /* soft besiege with rapid dive */
27 if (r < 0.5 and |Epyrey | = 0.5) do
28 | Update the position vector X; 4., (new) using Eq. 34
29 else
30 /* hard besiege with rapid dive */
31 if (r < 0.5 and |Epyey | < 0.5) do
32 | Update the position vector X;_pqwi (Rew) using Eq. 37
33 end
34 end
35 end
36 Evaluate the fitness function f(X;_pqwi) for hawks i withi = 1,2,...N
37 Define the best three fitness from (ii) as Xpest—nawk () Xpest1—nawk (€) and Xpeseo_nawr (£)
38 end
39 for X;_pqwik (new) do
40 Calculate the new mutation position vector X;_pq.,, (mut) using Eq. 39
41 Evaluate the fitness value f(X;_pqwi (mut)) of a new mutation vector X;_ g (mut)
42 Choose the next generation vector X;_paywi (t + 1) using Eq. 40
43 Update the best position vector as X,,,., using Eq. 41
44 end
45 Sett=t+1
46 return the best solution X,,,..,,
47 end
48  end
Gpip(s) X Gpe(s) 3.2.2. DC motor speed control with FOPID controller
GDC,P/D(S) = (14)

have Eq. (15)

Gpc_rip (S ) =

1+ Gpip(s) x Gpe(s)

When we substitute Gpp(s) and Gpe(s) in Egs. (13) and 9 into 14, we

Fractional order PID (FOPID) controllers possess two additional

tuning parameters (4, u) compared to integer order PID controllers.

These controllers are known for their ability to remain stable despite

changes in the parameters of the controlled system and the controller

K, (K, + Kis™' + Kys)

u(t) = Kye(t) + KD, e(t) + KuD/e(t)

itself [19]. The time-domain representation and transfer function of a
[(Js + B)(Lus + Ra) + KoKy + Ko (K, + Kis™' + Kys) | 1s) FOPID controller are as given in Egs. (16) and 17 respectively.

(16



S.L. Ayinla et al.

Franklin Open 6 (2024) 100058

Table 3 Table 4
Parameters of LHHO-PID/FOPID algorithm. Lowest achievable loss values from the objective functions.
Parameter Value S/ Algorithm-Controller Objective Function
N IAE ISE ITSE ITAE
Number of Hawks (Population size) (N) 100
Levy flight constant () 1.5 1 LHHO-PID (Proposed) ~ 0.018477  0.006578  0.000063  0.000401
Number of iterations (tmex) 50 2 HHO-PID [38] 0.091917  0.164402  0.00321 0.003993
PID/FOPID controller dimension (D) 3/5 3 ASO-PID [35] 0.092574  0.164867  0.003262  0.003422
Lower bounds (Kp, K, Ka, 4, ) [0.001 0.001 0.001 0 0] 4 PSO-PID [6] 0.114495  0.165158  0.003729  0.003265
Upper bounds (K,, K;, K4, 4, #) [2020201 1] 5 IGWO-PID [34] 0.11447  0.165108  0.0037 0.003214
Simulation time (tsm) 0.5s 6 LHHO-FOPID 0.008502  0.003000 1.35E-05  0.000132
(Proposed)
7 HHO-FOPID [42] 0.042901  0.074981  0.001096  0.001346
. . 8 ASO-FOPID [4] 0.048411  0.077073  0.00138 0.002861
Gror(s) = K, + Kis™" + Kys a7) 9 PSO-FOPID [6] 0.068159  0.076024  0.001553  0.014806
10  IGWO-FOPID [34] 0.068215  0.076024  0.001553  0.014853
where u(t) is the desired signal, e(t) is the error signal, D,~* and D," are
the integral and differential operators of the fractional order.
Similarly, from Fig. 5, the closed-loop transfer function of the FOPID- %107
controlled DC Motor with unity feedback is given by Eq. (18). HHO-PID
GFOPID(S) % GDC(S) 6L ~—fe— HHO-FOPID
Gpc_rorin(s) = (18) LHHO-PID
1+ Gropip(s) x Gpc(s) —ss— LHHO-FOPID
When we substitute Gropip(s) and Gpc(s) in Eqs. (17) and 9 into 18, we " 5f 1
L
have Eq. (19). 5
Sat
G ) K, (K, + Kis™ + Kys") -
DC_FOPID\S) = 7]
[(Js + B)(Lus + Ra) + KoKy + K (K, + Kis ™ + K5 | @
19 E 37 T
-
0
@
3.2. Objective functions 2r 1
The objective function is a fundamental performance criterion used l )
during optimization of PID and FOPID controllers design parameters to
achieve specific control objectives. These objectives may include but not Ay, » |
limited to reducing the overshoot, settling time, steady-state error, and 0 - : * 1 L 1 x * * =

attaining stability. Its primary purpose is to minimize the difference
between the desired and actual system outputs, which serves as a
measure of the controller’s performance. Numerous objective functions
have been utilized in the previous studies to achieve precise speed
regulation of DC motors to a pre-defined setpoint. Table 2 present the
widely adopted objective functions for DC motor speed regulation where
e(t) is the error signal which is the disparity between reference input and
actual speed and t, is the simulation time.

4.0. LHHO algorithm

Design parameter tuning of PID and FOPID controllers often presents
a significant challenge and involves the use of fractional integral-

e
1 Objective Functions
| TAEASENTSEATAE !

0 5 10 15 20 25 30 35 40 45
Number of iterations

Fig. 8. ITAE-based Convergence curve for the proposed controllers and
the baseline.

differential equations [52]. One of the existing methods for parameter
tuning in PID and FOPID involves the use of meta-heuristics optimiza-
tion algorithms. Over the years, several meta-heuristics algorithms such
as PSO [6], ASO [35], IGWO [34], etc. have been successfully applied to
optimal tuning of PID and FOPID controllers. However, to the best of our
knowledge, existing study that explored the adaptive perching proba-
bility and leadership prowess in Leader Harris Hawks Optimizer (LHHO)

i LHHO Optimization

Kp K; Kp A _u
Kp+ K™ + Kps*

RGs),,

Reference
Speed —

Proposcd Approach

:I:;::;::F:f&:: =

T[_ (S
1 T.(s) 1 Y(s)
— M K >
Lo T R, + Js + B Output
Speed

DC Motor Open Loop

Fig. 7. Block diagram of the proposed DC Motor with LHHO-FOPID Controller.
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Fig. 9. Plot of ITAE-based best fitness score obtained from all independent runs of HHO and LHHO algorithm for (a) PID gain parameter tuning (b) FOPID gain

parameter tuning.

Table 5

Statistical values of ITAE objective function for the proposed controller and its baseline.

Statistical index
Best

S/N Algorithm-Controller

Worst

Mean Median Standard deviation

0.0004004
0.0032

0.0001237
0.0004004

LHHO-PID (Proposed)
HHO-PID

LHHO-FOPID (Proposed)
HHO-FOPID

AW N

0.0005018
0.0088
0.0007040
0.0005018

0.00002225
0.0013
0.000223
0.00002225

0.0004032
0.0032

0.0002046
0.0004032

0.0004087
0.0036

0.0003118
0.0004087

ITAE

2r l: 1
—

L i i i

HHO-PID LHHO-PID HHO-FOPID LHHO-FOPID

Fig. 10. Boxplot of ITAE-based best fitness score obtained from all independent
runs of HHO and LHHO for PID and FOPID controllers.

for DC motor speed control has been limited. The Harris hawk’s opti-
mization technique is a population-based, meta-heuristic algorithm that
takes inspiration from the hunting and cooperating pattern of the hawks.
This approach was first introduced by [41]. A group of hawks collabo-
ratively targets their prey, primarily rabbits, launching coordinated at-
tacks from various angles and converging on the unsuspecting target
[44]. Each hawk in a group possesses a distinct solution to an optimi-
zation problem, all with an equal likelihood. The most optimal solution
among them is then considered as the precise location of the rabbit.

There are two distinct and structured phases within the algorithm
referred to as exploitation and exploration. At the exploration stage, the
algorithm conducts a global search for optimal solutions, while in the
exploitation phase, it focuses on a local search.

Despite having a higher computational complexity, the Harris
hawk’s optimization method exhibits a better convergence rate than
other comparable algorithms [20]. The exploration behavior of the
Harris hawk’s optimization (HHO) algorithm is, however, limited by its
equal perching likelihood among the hawks, with a fixed probability of
0.5. As a result, its exploration is random and constrained. To overcome
this limitation, Naik et al. [44] suggested the utilization of an adaptive
perch probability. This probability is determined based on the fitness
levels of the Harris hawks during an exploration phase. The Leader
Harris Hawks Optimization (LHHO) technique is employed to improve
the searching potential of the HHO algorithm. LHHO increases explo-
ration by using an adaptive perching approach during the exploration
stage and a leader-based mutation-selection mechanism through every
generation of Harris Hawks. Fig. 6 provides a flowchart with compre-
hensive step-by-step details of the proposed algorithm. Furthermore,
pseudo-code of the algorithm is also presented in Algorithm 1.

The shift from exploration to exploitation is dependent upon the
prey’s escaping energy, E, confined within a specific range. The position
vector of the hawk and current position of the prey are respectively
denoted by Xpqw and Xjre, . Thus, the escaping energy of the prey, Eprey
can be modelled as function of maximum number of iterations tmay,
current iteration t and initial energy of the prey E,_,r, as shown in Eq.
(26).

t
Eprey = 2Eo—prey |:1 - :| (26)

Tnax

Where E,_,r, randomly takes values in the range of (—1,1) at each
iteration and can be estimated as given in Eq. (27).
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Table 6
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Gains of the proposed LHHO-PID/FOPID controllers and other compared approaches.

S/N Algorithm-Controller Gain parameters
K, K; Kq A U
1 LHHO-PID (Proposed) 19.99999 5.437263 3.359391 - -
2 HHO-PID [38] 19.9994 5.4036 3.3582 - -
3 ASO-PID [35] 18.74551157 12.33363059 13.83286123 - -
4 PSO-PID [6] 19.6586 4.8951 3.2216 - -
5 IGWO-PID [34] 19.66287869 5.427335562 3.184861028 - -
6 LHHO-FOPID (Proposed) 19.92098344 19.9135272 6.413580242 0.136910984 0.995520089
7 HHO-FOPID [42] 4.4197 19.6228 5.8509 0.1146 0.9717
8 ASO-FOPID [4] 14.15164029 17.59827293 13.22960153 0.369001134 0.736997576
9 PSO-FOPID [6] 20 19.4923 20 0.749 0.5816
10 IGWO-FOPID [34] 19.948 19.9271 19.9921 0.735 0.5914
Table 7

Step response of the proposed and various other approaches.

S/N Algorithm-Controller Rise time (t,) (s) Settling time (t;) (s) Maximum overshoot (M,) (%) Steady State Error (Egs)
1 LHHO-PID (Proposed) 0.0463 0.0794 0.2657 5.6374e-04
2 HHO-PID [38] 0.0463 0.0795 0.2664 5.3602e-04
3 ASO-PID [35] 0.0123 0.0835 0 0.0110
4 PSO-PID [6] 0.0478 0.0809 0.4203 3.5644e-04
5 IGWO-PID [34] 0.0482 0.0808 0.5326 9.5651e-04
6 LHHO-FOPID (Proposed) 0.0254 0.0453 0.0456 7.8875e-04
7 HHO-FOPID [42] 0.0318 0.0641 0 0.0055
8 ASO-FOPID [4] 0.0265 0.1258 8.0645 0.0064
9 PSO-FOPID [6] 0.0265 0.1267 17.5882 0.0046
10 IGWO-FOPID [34] 0.0260 0.1257 16.7203 0.0046
18f f ! ! f ! ! ! i = F'Opm ] the best perching strategy as given in Eq. (28). It is normally a function
PSO-FOPID | | of the current i hawk value with position vector (X;_pawi), position of
LHHO-FOPID . s
HHO-FOPID the worst-performing hawk (Xys:_rawk), and vector position of the prey
IGWO-FOPID |+ X )
(Xprey)-
Lf(Xi—hawk) 7f(XFre)')|
® Pigp = (28)
Kst—tawk) = f (Xprey
E
.-a ) .
E Fori =1,2,3...
1 The updated position of the hawk can be modelled as given in Eq
1 (29).
T X, (new) = (Xrand—nawi (1) = 11| (Xrand—nawi (1) = 202Xi_pawic ()| ¢ > Pi_gp
| i=hawk (Xprey(l) — (Xm—hawk(t)) —13(LB+ r4(UB — LB)) g < Pi_yp
29
02 I I I I | I I | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Fig. 11. Step response of the proposed LHHO-FOPID with existing FOPID
controllers.

Ey prey =2xrand(.)—1 27)

When the value of E,_p., decreases from 0 to —1, it signifies a decline
in the physical strength of the prey. Conversely, an increase in the value
of E,_prey from O to 1, means that the rabbit is strengthening. The dy-
namic escaping energy E,., demonstrates a decreasing trend throughout
the iterations. When the escaping energy |E,.,| > 1, the hawks initiate a
search operation in various regions to locate the rabbit. On the other
hand, when |E,.,| < 1, the hawks attempt to exploit the nearby solu-
tions. Moreover, exploration happens when |E,.,| > 1, while exploita-
tion occurs when |Ep,| < 1.

4.1. Exploration phase (|Eprey| > 1)

The hawk initiates a perching strategy and remains stationary
scanning the surroundings for potential prey at a random location. The
adaptive perching probability (P;_g,) of i hawk is employed to choose

Where X,4narawk (t) denotes the position vector of a randomly selected
hawk during iteration t. LB and UB are the lower and upper bound of the
search space whereas ry, ry,73, r4,q are set of random numbers in the

ASO-PID
PSO-PID
LHHO-PID
— = = "HHO-PID
IGWO-PID

0.8

Amplitude
°o
>

o
>

0.2

I | L I i i I | I
0 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 0.5
Offset=0 Time (seconds)

Fig. 12. Step response of the proposed LHHO-PID with existing PID-controllers.
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Fig. 13. Bode plot of DC motor speed control with (a) LHHO-PID controller (b) LHHO-FOPID controller.
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range (0,1). The mean position of all the N Hawks in the generation t is
represented as Xp,_nawk(t), and can be computed for N number of Hawk
using Eq. (30).

|
Xon—nawk (1) = N ZXi—hawk (1) (30)
T

4.2. Exploitation phase (|Eprey| < 1)

During this phase, the Hawks executes various attacking strategies
on the identified prey, and the nature of these strategies will be deter-
mined by the escaping patterns and energy levels of the rabbit. The
Hawks will strategically position themselves around the prey, imple-
menting a set of the following four distinct strategies to encircle it
effectively [44].

4.2.1. Soft besiege (r > 0.5 and |Epey| > 0.5)
This strategy is followed when both the evading probability of the
Hawk and its escaping energy is more than 50 %. The new position

10
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Fig. 14. Bode plot of DC motor speed control with (a) HHO-PID controller (b) HHO-FOPID controller.

10°

vector of the i hawks is governed by Eq. (31).
(€20)

Xi—hawk (new) = Xprey (1) — Xipawk (£) — Eprey | Xprey (1) — Xi—hawk(’)‘
where J is the jumping strength of the prey throughout the escaping
attempt randomly changes (between 0 and 1) to simulate the nature of
the prey motions as given in Eq. (32).

J=2(1-rs) (32)
4.2.2. Hard besiege (r > 0.5 and |Epry| < 0.5)

Here, the probability of prey evading the Hawk hunt is more than 50
% but its escaping energy Ey is less than 50 %. The new position vector
of the i hawks is given in Eq. (33).

Xi—hawk (new) = Xprey (1) = Eprey | Xprey () — Xi—lmwk(’)' (33)

4.2.3. Soft besiege with progressive rapid dives (r < 0.5 and |Eprey| > 0.5)
Here, the escaping energy E, is greater than 0.5, but the probability
of prey evading the Hawk hunt is less than 50 %. The incorporation of
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Table 8

Frequency analysis result of the speed control system with different controllers.
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S/N Algorithm-Controller Gain margin (dB) Phase margin (°) Phase crossover frequency (rad/s) Bandwidth (Hz)

1 LHHO-PID (Proposed) Infinite 89.6305 46.6933 46.8832

2 HHO-PID [38] Infinite 89.6280 46.6772 46.8690

3 ASO-PID [35] Infinite 91.2804 192.0480 187.2379

4 PSO-PID [6] Infinite 89.4288 44.8028 45.1413

5 IGWO-PID [34] Infinite 89.3307 44.2988 44.7085

6 LHHO-FOPID (Proposed) Infinite 90.2218 86.7057 86.3234

7 HHO-FOPID [42] Infinite 90.3028 70.8014 70.4507

8 ASO-FOPID [4] Infinite 74.6657 57.3245 71.6130

9 PSO-FOPID (6] Infinite 60.0179 48.2264 68.4871

10 IGWO-FOPID [34] Infinite 61.2981 49.5646 69.9076
Table 9
Operating scenarios with different DC motor parameters.

Parameter Scenarios

I I 111 v v VI VII VIII

R, 0.3 0.3 0.5 0.5 0.2 0.6 0.6

Kn 0.012 0.018 0.012 0.018 0.021 0.009 0.021
Table 10

Step response result for scenario 1 when R, = 0.3 and K, = 0.012.

S/N Algorithm-Controller Rise time (t,) (s) Settling time (t;) (s) Max. overshoot (M) (%) Steady State Error (Egs)
1 LHHO-PID (Proposed) 0.0575 0.0974 0.4264 0.0022

2 HHO-PID [38] 0.0575 0.0974 0.4265 0.0021

3 ASO-PID [35] 0.0157 0.0330 0 0.0130

4 PSO-PID [6] 0.0593 0.0988 0.5835 0.0020

5 IGWO-PID [34] 0.0603 0.1013 0.4398 0.0027

6 LHHO-FOPID (Proposed) 0.0317 0.0562 0.0754 1.7058e-04
7 HHO-FOPID [42] 0.0401 0.0848 0 0.0058

8 ASO-FOPID [4] 0.0320 0.1410 8.6088 0.0072

9 PSO-FOPID [6] 0.0313 0.2253 18.5011 0.0052

10 IGWO-FOPID [34] 0.0308 0.2184 17.6335 0.0052

Table 11

Frequency analysis result of the system for scenario 1 when R, = 0.3 and K,, = 0.012.

S/N Algorithm-Controller Gain margin (dB) Phase margin (°) Phase crossover frequency (rad/s) Bandwidth (Hz)
1 LHHO-PID (Proposed) Infinite 89.4841 37.3666 37.6133
2 HHO-PID [38] Infinite 89.4810 37.3539 37.6025
3 ASO-PID [35] Infinite 91.5870 153.5742 148.9093
4 PSO-PID [6] Infinite 89.2327 35.8642 36.2561
5 IGWO-PID [34] Infinite 89.1103 35.4637 35.9257
6 LHHO-FOPID (Proposed) Infinite 90.2103 69.2560 68.9610
7 HHO-FOPID [42] Infinite 90.4766 56.6066 56.1482
8 ASO-FOPID [4] Infinite 73.2479 47.0333 59.1325
9 PSO-FOPID [6] Infinite 58.0602 40.7684 57.8989
10 IGWO-FOPID [34] Infinite 59.3584 41.7763 58.9480

the levy flight function (LF) introduces an enhanced fleeing model for
the prey, resulting in more realistic and effective movement patterns.
The Hawk utilizes distinct approaches, depicted in Eqs. (34-36), to
determine its optimal move based on the current circumstances and
objectives.

4.2.4. Hard besiege with progressive rapid dives (r < 0.5 and |Eyrey| < 0.5)

Here, the escaping energy Ep, and the probability of prey evading
the Hawk hunt are assumed to be less than 50 %. So, the update hawk
position is given in Eqgs. (37) and 38.

Yi hawk lff( Yi—huwk)(f(Xi—hawk (t))
o Xi_pawi (nEW) = ; (37)
Yo () — { Yoo f £ (Yic i) (X i (1) gy e {z,;,,m i £ Zi o) F Xrpt (1))
e Zinawe i F(Zi—nawi) \f Kinawe (1))
Ytk = Xprey (1) = Eprey [ TXprey (1) = Xon i (1) (38)
Yiohawk = Xprey(t) —Eppey -/Xprey(l) - Xi—hawk(’)' (35)
Zi—hawk = Yionawk +S X LF (D) (36) 1.9. Leader-based mutation selection

Where the vector S represent a random element of dimension 1 x D,
D corresponds to the dimensionality of the problem at hand and LF
denotes the levy flight movements as defined in [53].

11

The exploration of the process is further expanded by implementing
an additional phase that involves a mutation selection approach. This is
done to reduce the chances of local optimal by defining the best Hawk
position Xpesr_pawk (t), the second-best position Xpes pawk(t) and the
third-best position Xpesonawk (t) using the value of the fitness function of
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Table 12
Step response result for scenario 2 when R, = 0.3 and K,,, = 0.018.

S/ Algorithm- Rise time  Settling Max. Steady State
N Controller () (s) time (&) overshoot Error (Ess)
) (Mp) (%)
1 LHHO-PID 0.0386 0.0663 0.2815 6.4430e-04
(Proposed)
2 HHO-PID [38] 0.0386 0.0663 0.2824 6.2123e-04
3 ASO-PID [35] 0.0101 0.0259 0 0.0090
4 PSO-PID [6] 0.0399 0.0676 0.4322 4.6598e-04
5 IGWO-PID 0.0403 0.0677 0.5322 9.5827e-04
[34]
6 LHHO-FOPID 0.0211 0.0377 0 5.4397e-04
(Proposed)
7 HHO-FOPID 0.0263 0.0513 0 0.0043
[42]
8 ASO-FOPID 0.0227 0.1150 7.6314 0.0052
[4]
9 PSO-FOPID 0.0229 0.1157 16.8547 0.0037
[6]
10 IGWO-FOPID 0.0224 0.1149 15.9911 0.0037
[34]
Table 13
Frequency analysis result of the system for scenario 2 when R, = 0.3 and K;, =
0.018.
S/ Algorithm- Gain Phase Phase Bandwidth
N Controller margin margin crossover (Hz)
(dB) ©) frequency
(rad/s)
1 LHHO-PID Infinite 89.6531 56.0218 56.2277
(Proposed)
2 HHO-PID [38] Infinite 89.6510 56.0023 56.2101
3 ASO-PID [35] Infinite 91.0578 230.4648 225.6313
4 PSO-PID [6] Infinite 89.4823 53.7449 54.1014
5 IGWO-PID Infinite 89.3997 53.1379 53.5662
[34]
6 LHHO-FOPID Infinite 90.1623 104.1724 103.7819
(Proposed)
7 HHO-FOPID Infinite 90.0903 85.0209 84.8713
[42]
8 ASO-FOPID Infinite 75.4721 67.7209 84.4362
[4]
9 PSO-FOPID Infinite 61.4415 55.6401 79.1860
[6]
10 IGWO-FOPID Infinite 62.6795 57.3413 81.0120
[34]
Table 14

Step response result for scenario 3 when R, = 0.5 and K,,, = 0.012.

S/ Algorithm- Rise time  Settling Max. Steady State
N Controller (ty) (s) time (t;) overshoot Error (Ess)
) (Mp) (%)
1 LHHO-PID 0.0578 0.0992 0.2373 4.5255e-04
(Proposed)
2 HHO-PID [38] 0.0578 0.0992 0.2374 4.1804e-04
3 ASO-PID [35] 0.0157 0.0322 0 0.0141
4 PSO-PID [6] 0.0596 0.1006 0.3892 2.1214e-04
5 IGWO-PID 0.0600 0.1002 0.5174 9.7751e-04
[34]
6 LHHO-FOPID 0.0318 0.0566 0.0012 0.0012
(Proposed)
7 HHO-FOPID 0.0402 0.0869 0 0.0074
[42]
8 ASO-FOPID 0.0321 0.1401 8.4822 0.0082
[4]
9 PSO-FOPID 0.0314 0.2272 18.3473 0.0059
[6]
10  IGWO-FOPID 0.0309 0.2207 17.4854 0.0059
[34]
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Table 15
Frequency analysis result of the system for scenario 3 when R, = 0.5 and K;,, =
0.012.

S/ Algorithm- Gain Phase Phase Bandwidth
N Controller margin margin crossover (Hz)
(dB) ©) frequency
(rad/s)

1 LHHO-PID Infinite 89.5977 37.3663 37.5394
(Proposed)

2 HHO-PID Infinite 89.5947 37.3536 37.5286
[38]

3 ASO-PID [35] Infinite 91.6143 153.6037 148.8327

4 PSO-PID [6] Infinite 89.3511 35.8639 36.1827

5 IGWO-PID Infinite 89.2301 89.2301 35.8524
[34]

6 LHHO-FOPID  Infinite 90.2716 69.2557 68.9302
(Proposed)

7 HHO-FOPID Infinite 90.5516 56.6064 56.1269
[42]

8 ASO-FOPID Infinite 73.3364 47.0231 59.0765
[4]

9 PSO-FOPID Infinite 58.1608 40.7559 57.8553
(61

10  IGWO-FOPID Infinite 59.4600 41.7761 58.9031
[34]

Table 16
Step response result for scenario 4 when R, = 0.5 and K;, = 0.018.
S/ Algorithm- Rise time  Settling Max. Steady State
N Controller ) (s) time (t;) overshoot Error (Ess)
s) (Op) (%)

1 LHHO-PID 0.0387 0.0671 0.1535 4.8104e-04
(Proposed)

2 HHO-PID [38] 0.0388 0.0672 0.1544 5.0471e-04

3 ASO-PID [35] 0.0101 0.0265 0 0.0097

4 PSO-PID [6] 0.0401 0.0685 0.3000 6.8697e-04

5 IGWO-PID 0.0404 0.0685 0.3992 1.8490e-04
[34]

6 LHHO-FOPID 0.0212 0.0379 0 0.0012
(Proposed)

7 HHO-FOPID 0.0263 0.0518 0 0.0054
[42]

8 ASO-FOPID 0.0227 0.1143 7.5417 0.0058
[4]

9 PSO-FOPID 0.0229 0.1155 16.7433 0.0042
[6]

10 IGWO-FOPID 0.0225 0.1147 15.8833 0.0042
[34]

the new position vector X; pqk(new) among N Hawks. Then the muta-
tion position vector X;_pqyk (mut) for i Hawk can be modelled as given in
Eq. (39).

t
Xi—nawi (mut) = X;_pawi (new) +2 x (1 - —)

* (2% rand — 1)(2 % Xpess—nawk (t) = (Xpestt —hawk (£) +Xpesr—nawk (£)))
+ (2 * rand - 1) (Xbe:l—huwk (t) JI’X'i—hawk (new))
(39)

The next position vector of the Hawks X; pquk(t+1) is updated using
Eq. (40).

Xi o (mut) if fXi—pawic(mut) < f(Xi—pawi(new)) (40)

Kicsani (1 41) = {Xi—hawk(new) if fXiohawi(mut) > f(Xi_pawk (new))

Similarly, the vector position of the prey X, is updated using Eq.
(41)

_ Xi—hmwk(mut) lfin—hawk(’nut) <fEXpre_v%)
Xprey a {Xi—hawk(new) ifin—hawk(mu[) <f Xprey ) (41)
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Table 17
Frequency analysis result of the system for scenario 4 when R, = 0.5 and K, =
0.018.
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Table 19
Frequency analysis result of the system for scenario 5 when R, = 0.2 and K, =
0.009..

S/ Algorithm- Gain Phase Phase Bandwidth S/ Algorithm- Gain Phase Phase Bandwidth
N Controller margin margin crossover (Hz) N Controller margin margin crossover (Hz)
(dB) ©) frequency (dB) ©) frequency
(rad/s) (rad/s)

1 LHHO-PID Infinite 89.7288 56.0216 56.1537 1 LHHO-PID Infinite 89.2438 28.0427 28.3440
(Proposed) (Proposed)

2 HHO-PID Infinite 89.7268 56.0021 56.1362 2 HHO-PID Infinite 89.2399 28.0335 28.3365
[38] [38]

3 ASO-PID [35] Infinite 91.0762 230.4857 225.5556 3 ASO-PID [35] Infinite 92.0973 115.1464 110.5583

4 PSO-PID [6] Infinite 89.5613 53.7447 54.0277 4 PSO-PID [6] Infinite 88.9141 26.9315 27.3724

5 IGWO-PID Infinite 89.4796 53.1377 53.4926 5 IGWO-PID Infinite 88.7527 26.6354 27.1444
[34] [34]

6 LHHO-FOPID Infinite 90.2031 104.1723 103.7511 6 LHHO-FOPID Infinite 90.1379 51.8460 51.6863
(Proposed) (Proposed)

7 HHO-FOPID Infinite 90.1402 85.0208 84.8500 7 HHO-FOPID Infinite 90.6953 42.4588 41.9465
[42] [42]

8 ASO-FOPID Infinite 75.5347 67.7208 84.3740 8 ASO-FOPID Infinite 71.0912 36.8762 46.8688
[4] [4]

9 PSO-FOPID Infinite 61.5178 55.6400 79.1363 9 PSO-FOPID Infinite 55.6219 33.2076 47.2226
[6] [6]

10  IGWO-FOPID Infinite 62.7536 57.3411 80.9607 10  IGWO-FOPID Infinite 56.8909 33.9221 47.9390
[34] [34]

Table 18 Table 20

Step response result for scenario 5 when R, = 0.2 and K,, = 0.009..

Step response result for scenario 6 when R, = 0.2 and K,, = 0.021..

S/ Algorithm- Rise time  Settling Max. Steady State S/ Algorithm- Rise time  Settling Max. Steady State
N Controller (&) (s) time (t;) overshoot Error (Ess) N Controller (t) (s) time (t;) overshoot Error (Ess)
) (0p) (%) ® (0p) (%)
1 LHHO-PID 0.0758 0.1261 0.6780 0.0049 1 LHHO-PID 0.0331 0.0569 0.2918 7.0464e-04
(Proposed) (Proposed)
2 HHO-PID [38] 0.0758 0.1261 0.6769 0.0048 2 HHO-PID [38] 0.0331 0.0569 0.2918 6.8494e-04
3 ASO-PID [35] 0.0216 0.0512 0 0.0163 3 ASO-PID [35] 0.0086 0.0195 0 0.0076
4 PSO-PID [6] 0.0780 0.1276 0.8245 0.0047 4 PSO-PID [6] 0.0343 0.0582 0.4352 5.4995e-04
5 IGWO-PID 0.0784 0.1269 0.9814 0.0057 5 IGWO-PID 0.0346 0.0582 0.5254 9.6629¢e-04
[34] [34]
6 LHHO-FOPID 0.0422 0.0740 0.1276 8.6248e-04 6 LHHO-FOPID 0.0181 0.0323 1] 3.6938e-04
(Proposed) (Proposed)
7 HHO-FOPID 0.0542 0.1331 0 0.0065 7 HHO-FOPID 0.0224 0.0429 0 0.0035
[42] [42]
8 ASO-FOPID 0.0405 0.1629 9.0773 0.0086 8 ASO-FOPID 0.0197 0.1065 7.2297 0.0043
[4] [4]
9 PSO-FOPID 0.0387 0.2754 19.3788 0.0064 9 PSO-FOPID 0.0202 0.1074 16.1851 0.0031
[6] [6]
10  IGWO-FOPID 0.0381 0.2713 18.5300 0.0064 10  IGWO-FOPID 0.0198 0.1067 15.3296 0.0031
[34] [34]

5.0. Proposed LHHO-based PID/FOPID controller

This section describes the proposed optimal parameter tuning
approach based on the novel Leader Harris Hawks optimization for both
PID and FOPID controllers. Since it is a popular fact that the objective
function holds up a pivotal position in the determination of optimal
design parameters for any controller. Over the years, numerous objec-
tive functions have been employed for tuning both integer order PID as
well as fractional order PID controller design parameters. Popular
among these functions include the absolute error, mean square error, as
well as the integral multiplied variants (as presented in Eq. 20 to 25). In
this work, we experimented with four commonly employed integral
multiplied error variants, as objective function for tuning the parameters
of PID and FOPID controllers. These error functions include IAE, ISE,
ITAE and ITSE. Like the authors in [4,5,54], we also took ITAE as the
objective function for fair comparison with other existing methods as it
gives the lowest settling and rise times with reduced percentage
overshoot.

The proposed LHHO algorithm was employed to identify the opti-
mum values for the integer and fractional order parameters (K, K;, K4,
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A and p). The proportional, integral, and derivative parameters (Kp, K;
Kq) are bounded within the range of 0.001-20, while the fractional
powers (4, ) are bounded between 0 and 1 as can be seen in Table 3.
During each iteration, the error value of the DC motor output is esti-
mated and feedback into the corresponding objective function. The error
values were then adjusted using the proposed LHHO algorithm as
illustrated in Fig. 6. A complete system block diagram of the proposed
controller employed for DC motor speed control is presented in Fig. 7.

6.0. Results and discussion

In this section, we present the simulation results of the proposed
LHHO-PID and LHHO-FOPID controllers. All simulations executed in
this study were conducted on MATLAB/Simulink 2022b software
installed on a personal computer with an Intel (R) core i3 processor @
3.3 GHz and 16.00 GB RAM. Specifically, the FOMCON toolbox for
MATLAB was utilized due to its rich implementation and comprehensive
documentation on fractional-order modeling and dynamic system con-
trol. Also, MATLAB control toolbox was also used for other control
simulation and analyses. For the proposed meta-heuristics optimization
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Table 21 Table 23
Frequency analysis result of the system for scenario 6 when R, = 0.2 and K;, = Frequency analysis result of the system for scenario 7 when R, = 0.6 and K;,, =
0.021.. 0.009..
S/ Algorithm- Gain Phase Phase Bandwidth S/ Algorithm- Gain Phase Phase Bandwidth
N Controller margin margin crossover (Hz) N Controller margin margin crossover (Hz)
(dB) ©) frequency (dB) ©) frequency
(rad/s) (rad/s)
1 LHHO-PID Infinite 89.6696 65.3511 65.5726 1 LHHO-PID Infinite 89.5466 28.0419 28.1966
(Proposed) (Proposed)
2 HHO-PID [38] Infinite 89.6678 65.3283 65.5517 2 HHO-PID Infinite 89.5428 28.0327 28.1891
3 ASO-PID [35] Infinite 90.8988 268.9014 264.0181 [38]
4 PSO-PID [6] Infinite 89.5212 62.6888 63.0626 3 ASO-PID [35] Infinite 92.1717 115.1087 110.4035
5 IGWO-PID Infinite 89.4498 61.9790 62.4251 4 PSO-PID [6] Infinite 89.2294 26.9307 27.2261
[34] 5 IGWO-PID Infinite 89.0715 26.6345 26.9986
6 LHHO-FOPID Infinite 90.1001 121.6431 121.2869 [34]
(Proposed) 6 LHHO-FOPID Infinite 90.3017 51.8456 51.6247
7 HHO-FOPID Infinite 89.8968 99.2480 99.3754 (Proposed)
[42] 7 HHO-FOPID Infinite 90.8953 42.4582 41.9039
8 ASO-FOPID Infinite 75.9080 78.1583 97.5548 [42]
[4] 8 ASO-FOPID Infinite 71.3213 36.8757 46.7656
9 PSO-FOPID Infinite 62.5019 63.0715 90.0182 [4]
[6] 9 PSO-FOPID Infinite 55.8774 33.2072 47.1435
10 IGWO-FOPID Infinite 63.6786 65.1287 92.2769 [6]
[34] 10 IGWO-FOPID Infinite 57.1410 33.9217 47.8574
[34]
Table 22
Step response result for scenario 7 when R, = 0.6 and K,, = 0.009.. Table 24
S/ Algorithm- Rise time  Settling Max. Steady State Step response result for scenario 8 when R, = 0.6 and K;, = 0.021..
N Controller @) (s) time (t;) overshoot Error (Ess) S/ Algorithm- Rise time  Settling Max. Steady State
(s) (0p) (%) N Controller ) (s) time (t;) overshoot Error (Ess)
1 LHHO-PID 0.0770 0.1322 0.1814 2.9769e-04 © (M) (%)
(Proposed) 1 LHHO-PID 0.0333 0.0582 0.0703 0.0012
2 HHO-PID [38] 0.0770 0.1322 0.1802 2.5243e-04 (Proposed)
3 ASO-PID [35] 0.0218 0.0480 0 0.0191 2 HHO-PID [38]  0.0333 0.0582 0.0713 0.0012
4 PSO-PID [6] 0.0792 0.1334 0.3143 3.6097e-05 3 ASO-PID [35] 0.0086 0.0199 0 0.0088
5 IGWO-PID 0.0796 0.1325 0.4686 0.0011 4 PSO-PID [6] 0.0345 0.0345 0.2073 0.0014
[34] 5 IGWO-PID 0.0348 0.0595 0.2959 9.8854e-04
6 LHHO-FOPID 0.0424 0.0756 0 0.0018 [34]
(Proposed) 6 LHHO-FOPID  0.0181 0.0326 ] 0.0015
7 HHO-FOPID 0.0546 0.1705 0 0.0106 (Proposed)
[42] 7 HHO-FOPID 0.0224 0.0436 0 0.0053
8 ASO-FOPID 0.0407 0.1605 8.7548 0.0113 [42]
[41 8 ASO-FOPID 0.0198 0.1051 7.0732 0.0035
9 PSO-FOPID 0.0388 0.2800 18.9900 0.0084 [41
[6] 9 PSO-FOPID 0.0203 0.1069 15.9879 0.0040
10 IGWO-FOPID 0.0383 0.2764 18.1574 0.0084 (6]
[34] 10 IGWO-FOPID 0.0198 0.1062 15.1389 0.0040
[34]

algorithms, the values of the parameter are as shown in Table 3. To
verify the efficacy and superiority of proposed controllers (LHHO-FOPID
and LHHO-PID), their performance was compared not only with the
baseline (HHO-FOPID and HHO-PID), but also with three other state-of-
the-art meta-heuristics optimization-based controllers.

6.1. Convergence curve

In Table 4, we present the quantitative comparison of the best fitness
values obtained with the various objective functions considered. Based
on the results presented in Table 4, it can be deduced that both the
proposed LHHO-FOPID controller and its PID counterpart exhibit
notable advantages. They achieve a remarkably low ITSE and ITAE
values while demonstrating a rapid convergence speed. With ITAE as the
objective function, it is evidently shown from the results that the optimal
values were obtained within the first-three (3) iterations for LHHO-
FOPID controller. Also, in the case of LHHO-PID controller, the best
fitness values were obtained starting from the eight (8) iteration. The
convergence plot of the proposed LHHO-FOPID and LHHO-PID con-
trollers with the baseline for 50 iterations is as shown in Fig. 8.
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6.2. Statistical analysis

This subsection presents the statistical analysis of LHHO algorithms
and its baseline. To select optimal gain parameters for the proposed
controllers, the algorithm was independently run 20 times. Fig. 9 depicts
the obtained best fitness values of ITAE objective function for all runs for
PID and FOPID controllers. In Table 5, the statistical metrics of the
objective function, including parameters such as worst, best, mean,
median, and standard deviation values were provided. Additionally,
Fig. 10 presents a boxplot illustrating these statistical measures. Analysis
of both the Figures and the Table leads to the conclusion that the LHHO
algorithm exhibits commendable statistical performance. Notably, even
the worst score achieved by the LHHO algorithm surpasses the best
outcome obtained by its baseline.

6.3. Step response analysis
In this subsection, we present the analyses of the response of the

system with each of the controllers to step input. These analyses provide
valuable insights to the control system dynamic characteristics, such as
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Frequency analysis result of the system for scenario 8 when R, = 0.6 and K, = 0.021..

S/N Algorithm-Controller Gain margin (dB) Phase margin (°) Phase crossover frequency (rad/s) Bandwidth (Hz)
1 LHHO-PID (Proposed) Infinite 89.7995 65.3507 65.4245
2 HHO-PID [38] Infinite 89.7977 65.3279 65.4037
3 ASO-PID [35] Infinite 268.9011 263.8670 263.8670
4 PSO-PID [6] Infinite 89.6566 62.6884 62.9149
5 IGWO-PID [34] Infinite 89.5868 61.9787 62.2777
6 LHHO-FOPID (Proposed) Infinite 90.1699 121.6429 121.2254
7 HHO-FOPID [42] Infinite 89.9823 99.2478 99.3328
8 ASO-FOPID [4] Infinite 76.0166 78.1580 97.4262
9 PSO-FOPID [6] Infinite 62.6365 63.0712 89.9140
10 IGWO-FOPID [34] Infinite 63.8089 65.1284 92.1699

rise time, settling time, percentage overshoot, and steady-state error. It
signifies how quickly the motor responds to changes in the reference
signal, how accurately it reaches and maintains the desired output, as
well as whether it exhibits any oscillations or overshoot. The optimal
values for each tuneable parameters of the considered controllers (i.e.,
PID and FOPID) obtained using the proposed algorithm and other
existing ones were presented in Table 6. The equivalent transfer func-
tions for the proposed LHHO-PID and LHHO-FOPID controllers with DC
motor system are as expressed in Eqs. (41) and 42, respectively.

0.05039s* + 0.3s + 0.08156

41
0.00108s* + 0.05649s% + 0.3016s + 0.08156 (41)

GDC_PID(S) =

0.0962045"13%* + 0.298815%136°! 4 0.2987

FOPID controller attained the highest maximum overshoot with a value
of 17.5882 %, translating to the worst performance in term of this
metric. The performance of IGWO-FOPID and ASO-FOPID controllers
are similar to PSO-FOPID achieving a maximum overshoot of 16.7203 %
and 8.0645 %, respectively. However, the performance obtained by the
proposed LHHO-FOPID controller, and the baseline are the most
competitive in this category, with HHO-FOPID attaining zero overshoot
while LHHO-FOPID achieved 0.0456 %. The steady state error obtained
by the proposed controllers are closer to zero compared to others as seen
in Table 7. Figs. 11 and 12 provide a comprehensive comparison of the
step response among the state-of-the-art controllers and the proposed
LHHO-PID and LHHO-FOPID controllers. These figures offer enhanced

(42)

Gpc_ropip (Y)

Table 7 compares the results of the step response analyses of the
proposed LHHO-PID and LHHO-FOPID controllers with eight state-of-
the-art controllers, namely HHO-FOPID [42], HHO-PID [38],
ASO-FOPID [4], ASO-PID [35], PSO-PID [6], PSO-FOPID [6], IGWO-PID
[34] and IGWO-FOPID [34]. The rise time of the proposed LHHO-PID
controller and its baseline (HHO-PID) is found to be similar and sec-
ond best after those obtained by ASO-PID. Among the considered PID
controllers, the IGWO-PID takes the longest time to rise. Conversely, the
ASO-PID controller shows the shortest duration. The proposed
LHHO-FOPID controller obtained a remarkable improvement over the
existing approaches, achieving a rise time of 0.0254 s. Compared to
other approaches in this category, PSO-FOPID is the only controller that
attained rise time close to that of proposed LHHO-FOPID controller,
while other controllers such as ASO-FOPID, HHO-FOPID and
IGWO-FOPID achieves 0.0265 s, 0.0318 s and 0.0260 s, respectively.

With respect to settling time, the proposed LHHO-PID controller
attain roughly the same value as it baselines, settling at 0.0794 s and
0.0795 s time duration, respectively. In addition, PSO-PID and IGWO-
PID controllers also took 0.0809 s and 0.0808 s, respectively, while
ASO-PID controller took 0.0835 s been the longest settling time among
all controllers in this category. The proposed LHHO-FOPID took 0.0453 s
to settle which is the lowest among other benchmark controllers in the
category. Compared with the baseline (HHO-FOPID) and PSO-FOPID
controllers which took 0.0641 s, 0.1267s, ASO-FOPID and IGWO-
FOPID controllers settles almost at the same time of 0.1258s and
0.1257s respectively. Thus, the proposed controller in this category
contributes an improvement of about 29.33 % to 63.96 % relative to the
state-of-the-arts.

In terms of maximum overshoot, ASO-PID is the only controller
without overshoot while the performance obtained by the proposed
LHHO-PID controller, and its baseline compared to others remain the
most competitive after ASO-PID. Likewise, in the FOPID category, PSO-

~ 0.001085213% + 0.0061s" 13 + 0.096204s"132% 1 0.300445" 351 1 0.2987
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visualizations to Table 7 to facilitate detailed analysis of the perfor-
mance differences. As seen from these figures, the proposed controllers
have better performance not just to the baseline [38] and [42], but also
to other state-of-the-art controllers such as ASO [4], PSO [6], and IGWO
[34], attaining minimum overshoot, and reduced settling and rise time.

6.4. Frequency response analysis

This subsection describes the frequency response of the system under
consideration in terms of gain margin, phase margin and bandwidth.
This analysis provides a valuable insight into the system stability char-
acteristics. While the gain margin quantifies the amplification or
attenuation of the input, the phase margin measures the time delay
between the input and output signals. Moreover, the bandwidth repre-
sents the frequency range over which the DC motor-controlled system
operates effectively. Figs. 13 and 14 present the bode plots of the pro-
posed controllers and its baselines. The comparison of the frequency
response analysis for the proposed controllers and other existing ones
are shown in Table 8. All controllers including the proposed attained
infinite gain margin. However, in terms of phase margin, ASO-PID attain
the best with a value of 91.2804° Similarly, in the FOPID category, the
proposed LHHO-FOPID controller and its baseline outperforms the state-
of-the-art by obtaining approximately equal phase margin. The band-
width value attained by the ASO-PID is the best among other controllers
in PID category, followed by the proposed LHHO-PID controller with
bandwidth of 46.8832 Hz. Similarly, the best value of bandwidth
attained by controllers in FOPID category is attained by the proposed
LHHO-FOPID controller with the value of 86.3234 Hz. Furthermore, the
phase crossing frequency of the proposed controllers are excellent, with
LHHO-PID and LHHO-FOPID attaining 46.6933 rad/s and 86.7057 rad/
s, respectively.
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2.5. Robustness analysis

The presence of a robust controller is crucial for maintaining an
acceptable system response during abnormal scenarios. To evaluate the
behavior of the system under different conditions, robustness analysis
was performed under load variations. In the proposed method, the
robustness analysis involved altering the armature resistance (R,) and
the torque constant (K;;) of the DC motor by +25 % and +20 %, and

+50 % and +40 % respectively, resulting in eight distinct scenarios as
outlined in Table 9.

To assess the efficiency of the system under the various scenarios,
several experiments were conducted, and step and frequency responses
were observed. The obtained results revealed that the proposed con-
trollers are highly robust to mild, severe, and normal load variations, as
can be seen in Tables 10-25. It is evident from a close examination of the
presented tables that the proposed controllers consistently exhibit the
best performance for both step and frequency response analyses. The
findings confirm the robustness of the proposed controllers for speed
control, as it successfully maintains desirable performance despite
changes in DC motor system parameters.

7.0. Conclusion

The complexity of various industrial control processes in recent years
have necessitate the need for an optimal and robust controller parameter
tuning algorithm. In this respect, a novel LHHO meta-heuristic-based
algorithm was reported in this study. As an improvement to the base-
line (HHO), this work exploits the leadership prowess and adaptive
perching strategy of the hawks to select the best parameters for the
controllers. The proposed controllers were successfully applied to DC
motor speed regulation. To obtain the best design parameters, and thus
desired system response, the controllers proposed in this study were
experimented with four different error functions namely IAE, ISE, ITSE,
and ITAE. Among all, as also reported in previous studies, this study
found that ITAE gives the best performance. During evaluation, the
proposed controllers were not only compared with the baseline (HHO-
PID/FOPID), but also with state-of-the-art algorithms including PSO-
PID/FOPID, ASO-PID/FOPID, and IGWO-PID/FOPID. A quantitative
comparison of time response analysis with the state-of-the-art revealed
that the proposed LHHO-FOPID controller contributes 4.15 %, 29.33 %,
99.43 % and 87.68 % improvement in rise time, settling time, maximum
overshoot, and steady state error respectively. While the stability
response and robustness analyses of the proposed controllers also indi-
cate a competitive performance, its robustness to load disturbance and/
or rapidly varying motors parameters like motor’s back electromotive
force, armature resistance, etc., is still open to further improvement. In
the future, the proposed controller tuning approach can be applied to a
more complex control system including cascade and fuzzy logic-based
controllers as well as highly varying disturbances. Moreover, other
objective functions such as Zwe-Lee Gaing (ZLG) and its variants can
also be investigated on the proposed method.
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