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Abstract: Time delay and disturbances are commonly encountered in real-world application systems,
and their existence significantly hampers the operation of various controllers available in the
discipline of control systems theory. Time-delay estimation and disturbance compensation are closely
related to obtaining the desired system stability and efficient controller operation. This paper
discusses state-of-the-art methods for time-delay estimation (TDE)-based methods related to active
disturbance rejection control (ADRC) methods and proportional-integral-derivative (PID) controllers
found in the latest literature on control systems theory. The methodology includes simulation designs
incorporating the integration of predictive extended state observer-based ADRC (PESO-ADRC) and
conventional PID controllers with the TDE mechanism, followed by their respective control on
systems with time delay and disturbances. A comparative analysis performed on the TDE
compensation methods highlights that TDE enhances the robustness to time delay, various
uncertainties, and nonlinear dynamics existing in the controlled system. The time-varying delay,
nonlinear backlash-like hysteresis, and an added system external disturbance were considered in the
simulation. The performance was measured based on specific transient response characteristics such
as the rise time, settling time, overshoot criteria, and performance index measures such as the
integral of time-weighted absolute error (ITAE) and the percentage of improvement by the decrease
in overshoot given by P; (%). Further, a sensitivity analysis of TDE parameters to the controllers’
operation was also performed. Experimental results indicate stability and a strong capacity to
regulate the transient and steady-state responses under the impact of various uncertainties. Therefore,
the comparative analysis conducted between TDE-ADRC and TDE-PID control methods signifies
the importance of TDE with disturbance compensation in time-delayed systems, commonly found in
real-world industrial applications.
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1. Introduction

In the domain of automation and teleoperation systems, time delays and uncertainties are
significantly associated with inefficient operation of the overall control system [1-3]. This is mainly
due to factors like time delay, hysteresis, parameter perturbation, external disturbances, and noise,
which are inevitable in real-world system applications. Moreover, besides external output
disturbances acting on a system, uncertainties like nonlinear backlash-like hysteresis, nonlinear
components’ interaction with their surroundings, and time delay persist in communication channels
for a controlled object/plant, causing nonlinearity in a control system. Hence, this requires designing
and improving robust disturbance rejection controllers with a time-delay estimation (TDE)
mechanism to obtain stable and steady-state transient system responses.

Several model-based and model-free control approaches have been developed over time. The
former is affected by the system’s parameter uncertainty and unmodelled dynamics. In contrast, the
latter considers a variety of system uncertainties, including internal and external disturbances,
nonlinear hysteresis, sensor noise, and varying time delay [4-6].

In the literature, one of the most widely employed model-free controllers is an active
disturbance rejection control (ADRC), whose model is updated continually to perform disturbance
compensation in time-delay control [7,8]. Han first developed the ADRC in the mid-1990s [9],
followed by its application by Gao [7]. The characteristic feature of the ADRC controller is its ability
to measure internal and external disturbances actively, generally coined as “total disturbance”, and
then compensate for these total disturbance effects in real-time via the feedback loop. This is
accomplished with an extended state observer (ESO), an integral feature of the ADRC controller [7].

Further, the time delay aspect is the most crucial aspect that greatly impairs the performance of
the controlled system. Impairments include response overshooting with oscillations, reduced
damping ratio, and moving the closed-loop system response to instability. Thus, controller design
becomes more challenging due to the time delay and the different forms of disturbances to the
system, which need to be controlled. Therefore, to mitigate the effects of different types of
uncertainties acting on a concerned system, the ESO component has been amended over time to
accommodate the ADRC operation in industrial applications; for example, in robotic systems [10],
power plants [11], teleoperation systems [12], and piezoelectric-related medical fields [13]. Such
modifications in the control law helped attain a decent trade-off between disturbance rejection and
controller operation in a concerned time-delayed system.

Furthermore, another widely used and established industrial controller, called the
proportional-integral-derivative (PID) controller, has evolved over time. The PID controller depicts
decent accomplishment in overcoming various nonlinearities, such as the chattering effect, delay, and
external disturbances present in robotic industries [14]. However, despite consistent efforts to
conquer the time-delay problem, the adverse effects of delay are still difficult to overcome. Thus,
time-delay estimation followed by compensation is still a work in progress for various disturbance
rejection control methods [15,16]. Moreover, recent research has shown that the performance of an
ADRC controller concerning estimation and attenuation of nonlinear backlash-like hysteresis under
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time delay and uncertainties is greatly improved in conjunction with TDE mechanisms [8,17]. Other
controller methods commonly used in integration with the TDE mechanism for attenuation of system
nonlinearities include, for example, the PID controller [18], adaptive sliding mode controller
(SMC) [19], and fuzzy logic approach-based [20] control methods. These methods are reviewed in
the following subsection.

1.1. Literature survey

As an estimation technique, TDE mainly estimates the unknown dynamics of the controlled
system by using the system’s delayed dynamics. Usually, the TDE method is used in conjunction
with other control strategies to attain the necessary uncertainty compensation and enhanced system
transient steady-state performance. Some examples from the literature include TDE with PID control,
ADRC-based control, SMC, and fuzzy-based control.

One of the TDE-PID approaches in [18] provides a unified TDE-based PID-nonsingular
terminal SMC that takes advantage of both PID characteristics and the terminal SMC (TSMC) to
manage cable-driven manipulators with matching disturbance. However, it was recommended that
the mismatched disturbance be studied. Further, to estimate and counteract nonlinearity, such as
friction and external system disturbance in a robotic manipulator, a modified TDE method was
constructed by combining a fractional-order TSMC with PID [21]. It was recommended that future
work address varying system time delays.

Furthermore, to supervise robotic manipulators impacted by hysteresis and external system
disturbances, a robust controller was designed by combining the TDE with a nonsingular PID and a
fast TSMC [22]. This approach used the fuzzy system to regulate PID gains. Future research will
enhance the system’s performance when dead-zone nonlinearity and applied measurement noise are
present. Moreover, to counteract the adverse effects of complex lumped uncertainties and backlash
hysteresis on system performance, an adaptive robust TSMC approach employing the TDE method
has been developed for robotic manipulators [23], followed by multivariable fast TSMC for
cable-driven manipulators [24]. Future research will examine chattering effects, dead zones,
saturation, and noise reduction.

In another study [25], an ADRC predicted and attenuated the nonlinearities in an all-clamped
plate system by applying the TDE definition to the ESO in the frequency domain. However, future
research will analyze the external disturbances impacting the controlled object. Therefore, in most
TDE-based methods, it has been observed that the stability and performance of the controller design
are greatly impaired under the influence of external disturbances and varying system time-delay
circumstances. Hence, in this paper, a comparative analysis is performed in terms of estimation and
compensation of uncertainties based on experimental responses and performance measurement
criteria on recently proposed control methods, namely the predictive TDE-based ADRC method [8]
and a TDE-based PID control method [17], which will be employed to control a given system termed
the controlled object.

2. Methodologies used in the controller designs

This section describes the preliminary mathematical concepts used to design the complete
TDE-based predictive ESO-based ADRC and the TDE-based PID controllers. These are
experimentally analyzed under different case studies in Section 3.
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2.1. System or controlled object description

For simplicity and reliability, most controllers focus on lower-order, simpler models for analysis,
as higher-order systems are frequently examined using lower-order ones (usually the second-order
approximation) in control theory. The second-order system used in this analysis is represented by the
state-space equation given by Equation (1).

x(t) = Ax(t) + Bu(t) + f(x(t),t)
y() = CTx(t—1) 1)
x(0)=[0 o]

where the system state vector is given by x(t) = [x;(t),x,(t)]7, and the system output is y(t).
Matrix A is the state transition, B is the input, and C is the output matrix of the concerned
system/plant. The dimensions of these matrices are given by Ae R™™ BeR®D  and
CeRIX™ =2 for the system shown in Equation (1). The system time delay is indicated by T,
and the control signal to the system is given by u(t). f(x(t),t) is the total disturbance acting on
the system, which includes input and output disturbances, nonlinear backlash-like hysteresis, and
unknown system dynamics.

2.2. Time-delay estimation mechanism

TDE is a method for estimating system disturbance that uses time-delayed input from the
preceding sampling event. The sampling period, represented by t. in Equations (2) and (3), is a
small delay that the TDE technique introduces when constructing a controller. Consequently, the
TDE reduces the total effect of cumulative disturbances. Equation (3) presents the TDE law, as
shown in Figure 1.

{(t) =q(t—ty) )
((t - ts) = U, (t - ts) - 773’(t - ts) (3)

where (t — t,) represents the time-delayed value, and {(t) indicates the estimate of all uncertainties.
y(t —t,) represents the dynamics of the delayed system output. The parameter n, which is a
positive nominal value, is adjusted to obtain the best feasible controller performance. Furthermore,
when the sample period t, decreases, the estimate (t) gets stronger as the TDE can operate
effectively, according to Equation (3). Moreover, for robotic manipulators, n is given by a diagonal
matrix [26].

u, (0
Delay
. ()
€Ol 4w
N e D(Etla]'-"‘ - :_r «— y(0)
yit1) ——— pln)

Figure 1. Time-delay estimation approach.
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Hence, the proposed hypothesis in this study utilizes the TDE approach with an additional
control method to achieve the required performance and steady-state transient system response. Thus,
in this comparative study, it will be demonstrated that the robustness of the TDE mechanism is
advantageous when combined with the predictive ESO-based ADRC and PID controllers
individually by combating various system nonlinear uncertainties impacting the time-delay system
and, therefore, will improve the controlled system’s quality.

2.3. Hysteresis model: Duhem backlash-like hysteresis model

The hysteresis effect is widely acknowledged to affect the precision of both closed-loop and
open-loop control systems and lead to persistent oscillations. This highlights how a change in the
direction of an input signal can alter the response of an output signal, thus introducing nonlinear
behavior in control systems theory [27,28]. Therefore, in control systems, hysteresis can result in
oscillation, instability, and incorrect positioning. Hence, it may prove challenging to develop
controllers that can precisely follow the intended trajectory due to nonlinear behavior. The Duhem
model given in [8,26] contributes to dynamic hysteresis in this study. Equations (4) and (5) are the
foundation for the mathematical description of the Duhem backlash-like hysteresis framework.
Constants a, S, and y correspond to hysteresis constants and are greater than 0; also, a > f.

dw(v) _ dv dv
— =Y |E| (av —w®@)) + B - (4)
— _ —y (v—vq)sign (v) —yvsign () (Y _ —yesign (v)
w() = av(t) + [wy, — avyle +e fvo(ﬁ a)e de (5)

wherein the initial conditions of the input v and output w are v, and wy, respectively. For an input
signal v(t) = psin(2.5t), the response of the Duhem hysteresis curve in Figure 2 is generated for
p = 2 using the model parameter values y =1, a = 1.16, and g = 0.35. Also, the initial values
wy and v, are set to zero.

Figure 2. Backlash-like hysteresis response (Duhem).
2.4. ADRC with a delayed input system
An ADRC consists of three primary subsystems: a tracking differentiator (TD), a nonlinear state
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error feedback (NLSEF) controller, and the extended state observer (ESO) [7]. The block diagram of
a basic ADRC structure with delayed input is given in Figure 3 [29]. The ESO is a fundamental
element of the ADRC that actively estimates and compensates for the overall disturbance f(t)
imposed on the controlled object given by Equation (1).

AU
!
u, S
ystem -
() TD NLSEF boo. ] (with delay, T) "
Delay

T Plant/Controlled

object

¥

ESO

Figure 3. Block diagram of ADRC with delayed input for a controlled object (system).

In Figure 3, the TD produces a softer signal with an estimated derivative signal. By extracting the
difference signals e; and e, from the TD-generated signals v;(t) and wv,(t) and the
ESO-generated estimated system states z; and z,, the NLSEF produces the control law denoted
by Ugp.

The TD and NLSEF equations for Figure 3 are given by Equations (6), (7), and (8).

{1.71 = v+ hvl
1'72 =v, + hfhan(v1 — T, Uy, 1y, h)

(6)

where v;(t) and v,(t) are softened and differentiated signals obtained by supplying TD with the
reference signal v(t). Thus, TD improves the reference input reactivity while producing the intended
transient profile. By setting r, to r and applying the nonlinear function than(v; —r, vy, 19, h),
which is defined by a series of relations in Equation (8), the fastest convergence from v; to v with
the least amount of overshoot is achieved [7]. The TD parameters denote the simulation step and the
transition process speed r, and h, respectively. The nonlinear function fhan has equations in stages
that are provided in [7,30], with the NLSEF’s signal output u,.

1=V — 21
€=V — 23 @)
u, = —fthan(ey,c - ey, 1, hy)

Equation (7) displays the NLSEF parameters, given by control gain r, simulation step ¢, and
damping coefficient h;. The optimal controller response is achieved by adjusting these NLSEF
controller parameters.
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(d:r()hz
a0=hv2
y:UI—U+aO

a; =+/d(d +8ly|)

sign (y)(a1—d)
@ = ay + [

< __ [sign (y+d)—sign (y—d)] (8)
Sy = >
a=(ay+y—ays, +a,
__ [sign (a+d)—sign(a—d)]

a 2

kfhan =-71 (g — sign(a)) S, — Trosign(a)

For Figure 3, the ESO equations and the control law are stated in Equations (9) and (10),
respectively [30].
e=n-Yy
Z1=272—Bo1e 9)

Zy=z3—Lo2fe+bouy (t—1)
zz=—Pozfe;

u, = (ug — Z390)bopc (10)

where the ESO gains are given by By1, Bo2, and By3. Parameters b, and g, are additional gain
factors, whereas bgp. represents the disturbance compensation factor. The nonlinear feedback
functions fe and fe; are defined as fe =fal(e, 0.5 hzsp) and fe; = fal(e, 0.25, hgsp)
respectively. For a < 1, the error (e) will decrease to zero more quickly. The simulation step size of
ESO is denoted by hgso. The complete estimated disturbance signal is denoted by z;. The
controlled object (system) has u, as its control signal and y as its output signal. Equation (11)
provides the nonlinear function fal value [30].

fal(e,a, &) = {dl'“' - (11)
le|*sign(e), |le| > ¢

2.4.1. Block diagram of TDE integration with predictive ESO-based ADRC controller
(TDE-PESO-ADRC)

As seen in Figure 4, the predictive ESO-based ADRC (PESO-ADRC) mechanism is derived by
combining the ADRC with the input that is delayed (shown in Figure 3) and the extended state
predictor observer (ESPO) [31], to predict the unknown dynamics of the concerned system that were

generated as a disturbance amid the delay. The estimated disturbance & (t) is then removed from
u, (t) to provide sufficient compensation for the total disturbance.
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Figure 4. Block diagram of TDE-predictive ESO-based ADRC (redrawn from [8]).

The ESPO is expressed in the literature by a series of mathematical equations [30,31]. An
essential component of the ESPO is observer bandwidth (w,), which is adjusted to produce the
required system response. The Hurwitz stability criterion regulates the selection of w,; thus, the
complete details of the ESPO used in this study are outlined in [30,31]. Moreover, as seen in Figure 4,
the estimation error fed to the ESPO is defined as the difference between the system output y(t)
and the estimated system output y(t). Hence, the TDE-based predictive ESO-based ADRC is a
cascaded arrangement of the PESO-ADRC with the TDE mechanism. The complete structure is
denoted as the TDE-PESO-ADRC controller method.

Equation (12) represents the overall disturbance (6 (x(t), t)) affecting the controlled object,
S(x(t),t) = f(x(t), t) + w(vy) (12)

where f(x(t),t) is inclusive of the external output disturbance applied and parameter perturbation
in the system under time-delay control. w(v,,) is the nonlinear Duhem backlash-like hysteresis
given by Equations (4) and (5).

The TDE-PESO-ADRC controller’s control law, u(t), is given by Equation (13),

{u(t) =u, () + {(¢t)

. 13
= (e (D) = 8 () + (ua(t — ) — 7t — 1) (13)

where {(t) is the TDE mechanism given by Equations (2) and (3). Also, w, (t), the control law for
the PESO-ADRC, is given in Equation (14) [8].

u, (8) = u, (£) = 6 ()
= (uo(t) — z390)bopc — 6 (1) (14)
= (_fhan(elf c-ey', hl) - Z3gO)bODC - S (t)
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2.4.2. Block diagram of the TDE-based PID control method (TDE-PID)

The PID controller is one of the most widely used control processes in the field of industrial
applications [32]. When nonlinearity or disturbance is added to a PID-controlled system, it drives the
system to instability or inadequate performance. Thus, improving the conventional PID controller’s
operation is important, as it requires modifying its control law to achieve the desired tracking
performance of the object to be controlled via optimal control operation.

In this study, the TDE-PID controller developed in [17] is analyzed. The integrated TDE-PID
controller’s structure is pictorially presented in Figure 5.

‘_ s
P: K e(r) | ﬂxi-'}-f}
| —
+,— e(f) M, | s wlm)| System
() fZ\j— I K.Jetyr™ Z L % y.2=4 ) (with
Ny it ¥ ; delay, T
! Backlash o tf'CYt }u d
. p i ant'.ontrolle
‘ D: K, e(r) Hysteresis Object
dt |
‘ | »(r)
‘ Time-Delay Estimation ‘
\ o — :
0 y(6): feedback
TDE-PID

Figure 5. Block diagram of TDE-based PID control (redrawn from [17]).

The time-delay system to be controlled is given by Equation (15).
{a'c(t) = Ax(t) + Bu.(t) + f(x(t),t)
y() =CTx(t —1)
where u.(t) is the control law of the conventional PID controller. Other variables in Equation (15)
are defined in Equation (1).

(15)

The control law u,(t) of the cascaded TDE-PID controller structure is given in Equation (16).
((u(®) =u () +b(0)
= u,(t) + b(u (¢t — t;) =yt —t,)) o
L = (K,e(t) + K; [ e(t)dt + Ko 22 (16)

)t
b(uc(t —t) =yt —ty))

where r(t) is the input reference signal fed to the TDE-PID-controlled system. The standard PID
control law u,(t) is the cumulative sum of the proportional (P), integral (I) and derivative (D)
segments, along with their respective gains K,, K;, and K, respectively. e(t) is the variation
between the output signal y(t) and the input signal r(t). The gain factor b is utilized to tune the
contribution from TDE to the control variable u,(t). The TDE equation for the TDE-PID control
method in Figure 5 is given by Equation (17).

@) = (u(t—ty) —nyt—ty)) (17)
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For a given sampling period t, and constant n in Equation (17), the delayed input and output
dynamics are indicated by u.(t —t,) and y(t — t,), respectively.

3. Experimental results and discussions

The recent works in [8] and [17] presented control of a time-delay system by a cascaded TDE
with a predictive ESO-based ADRC and the PID control method, respectively. Thus, this section
performs a comparative analysis of the two TDE-based methods to discuss their performance
measures and transient responses under different control scenarios. As specified in section 2.1, the
controlled object considered in the experimental analysis is a second-order system with a time delay.
Such a system is chosen as a benchmark system under testing for various industrial plants. The
system concerned is represented in its transfer function form by Equation (18).

2 15 _ 1

G(S) - sz+3s+Ze B me

-5 (18)

When Equation (18) is represented in its state-space form, seen in Equation (1), the state-space
matrix values obtained are A = [_23 é] B = [g ] C =[1 0];andsystemdelay T =0.1s.

The ADRC controller parameters of the PESO-ADRC method were obtained by optimizing the
delayed input ADRC structure shown in Figure 2 using the genetic algorithm (GA) tool of MATLAB
software version R2020a in the Optimization tools window [30]. On optimization, the controller
parameter values attained are ¢ = 0.7645, h;= 1.0831, r = 56.0350, g, = 0.3097, b, = 3.1303,
and byp. = 1.0314. Further, the fixed parameter values of the TD component are r, =10and h =
0.03; also, the remaining parameters of the ESO components are given by [Bo1, Boz: Bosz: heso] =
[100, 300, 1000, 0.01] [33]. Furthermore, the observer bandwidth w, of the ESPO is tuned to obtain
the desired system behavior, and its selection is based on the Hurwitz stability definition defined
in [30,31]. Moreover, for the PID controller, the parameter values K,, K;, and K; were manually
tuned to 1, 0.8, and 0.1, respectively. The gain factor b was set to 0.2 [17]. Also, the input signal
given to both controlled structures is a unit step.

In the experiments that follow, the robustness of the TDE-based controller designs is analyzed
based on certain transient system response characteristics like rise time [RT (s)], response time [t,
(s)], settling time [ST (s)], and overshoot [OV (%)] under the impact of different uncertainties.
Further, the controller performance is evaluated using the system performance index measure termed
integral of time-weighted absolute error (ITAE) and is also evaluated based on the improvement of
performance percentage, P; (%), of all the specified transient characteristics, given in Equation (19):

P, (%) =(1— I’;—;) x 100 (19)

where P; and P, represent the response characteristic parameters for TDE-based and
non-TDE-based control strategies, respectively.

3.1. Experiment 1: Impact of TDE on control mechanisms in the absence of uncertainties
In this analysis, PID and PESO-ADRC control strategies are assessed in the presence and
absence of the TDE method for the case of no uncertainties (disturbances and nonlinearity) acting on

the time-delayed system in Equation (18). For TDE-based PID control, the TDE parameters are n =
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0.01 and t, = 0.001 s; for TDE-based PESO-ADRC control, the parameters are n = 0.2 and t; =
0.002 s. The observer bandwidth is w,= 3 and 7 = 0.1 s. Figure 6 illustrates the system responses
obtained, and Table 1 tabulates the control performance criteria for both control strategies when
tested with and without the TDE mechanism.

It was observed that with the TDE present, the controlled system rose faster for both control
scenarios (TDE-PID and TDE-PESO-ADRC), i.e., for the PID controller RT = 1.5263 s with TDE,
and RT = 1.8958 s without the TDE mechanism. A similar improvement in rise time of 23.81% is
also obtained for the TDE-PESO-ADRC method. Further, the settling time, ITAE value, and
overshoot are decreased by 62.07%, 52.26%, and 55.25%, thus showing a greater performance
improvement for PESO-ADRC with TDE control. However, a significant improvement in
performance measures was not obtained in the case of the TDE-PID control method in comparison to
its non-TDE structure, as seen in Table 1. Hence, under this scenario, the integration of TDE with the
ADRC strategy provided a better response than its respective non-TDE version and TDE-PID control
approach.

o o
) )

System Response y(t)
o
»

0.2

1 1 1 1 1

5 6 7 8 9 10
Time (s)
= PID (No TDE) =—=== TDE-PID PESO-ADRC (No TDE)
TDE-PESO-ADRC ######**=+ Reference

Figure 6. System response impact of TDE on PID and PESO-ADRC methods.

Table 1. Control performance criteria for PID and PESO-ADRC controllers with and
without TDE mechanism.

Control method Performance criteria TDE excluded TDE included P; (%)

PID RT (s) 1.8958 1.5263 19.4905
ST (s) 3.1252 2.3384 25.1760
oV (%) 0.0000 1.2581 -
ITAE 1.1220 0.8018 28.5383

PESO-ADRC RT (s) 0.6481 0.4938 23.8080
ST (s) 3.7868 1.4363 62.0709
oV (%) 6.0380 2.7019 55.2517
ITAE 0.6016 0.2872 52.2606

3.2. Experiment 2: Impact of TDE on control mechanisms in the presence of nonlinear hysteresis

In this study, the effectiveness of the control strategy of the TDE approach cascaded with the
PID and PESO-ADRC controllers is investigated on a time-delay system, as given in Equation (18),

AIMS Electronics and Electrical Engineering Volume 9, Issue 3, 314-338.



325

under the influence of nonlinear backlash-like hysteresis represented by Equations (4) and (5). The
term w(v,,) in Equation (12) depicts the dynamic hysteresis output. For the PID controller, the
variables used for hysteresisare y =2, a =1.16, and f = 0.35, whereas for the predictive ADRC
controller, the variables are y = 0.1, « = 1.16, and § = 0.35. Moreover, the TDE parameters for
both PID and predictive ADRC methods are n =0.01, t;, =0.001s, ¢ =0.1s,and n =0.001, ¢t
=0.001s,and t =0.1s, respectively. The ESPO observer bandwidth is w,= 4.

Figure 7 and Table 2 demonstrate the effectiveness of the TDE mechanism in counteracting the
nonlinear nature of the hysteresis effect on the PESO-ADRC method. Meanwhile, the TDE
mechanism improved performance for the PID controller regarding quicker settling time, smaller
steady-state error, and smaller ITAE. However, as shown in Table 2, there is a minimal decrease in
system overshoot in the TDE-PID control strategy and a longer rising time.

Further, the ITAE index measure with the TDE present is 2.1260 and 1.0130 for both PID and
PESO-ADRC controllers, respectively, which shows an improvement of 64.74% and 81.23% as
compared to without the TDE approach present. Furthermore, by integrating the TDE with the
predictive ADRC method, the system response in Figure 7 shows robustness and thus less oscillatory
behavior, reduced overshoot, and quick system recovery to uncertainties, contrary to the TDE-PID
system response and performance.

Table 2. Control performance criteria for PID and PESO-ADRC controllers under hysteresis.

Control method Performance criteria TDE excluded TDE included P; (%)
PID RT (s) 1.1511 1.3818 -20.0417
ST (s) 15.5398 6.0472 61.0857
oV (%) 11.9685 11.8873 0.6784
ITAE 6.0290 2.1260 64.7371
PESO-ADRC RT (s) 0.6705 0.4032 39.8658
ST (s) 10.8993 4.8639 55.3742
OV (%) 43.6208 20.8107 52.2918
ITAE 5.3960 1.0130 81.2268
1.5 . .

System Response y(t)

8 10 12 14 16 18 20

Time (s)
—PID (No TDE) TDE-PID PESO-ADRC (No TDE)
————— TDE-PESO-ADRC --:------- Reference

Figure 7. System response impact of TDE on PID and PESO-ADRC methods under
nonlinear hysteresis.
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3.3. Experiment 3: Impact of TDE on control mechanisms in the presence of nonlinear hysteresis and
perturbed system parameter

This section provides an experimental analysis for the case of nonlinear hysteresis and
parameter perturbation present as uncertainties in the time-delayed system in Equation (18) under
control. In this simulation, 25% of parameter perturbation is inserted at 20 s under hysteresis for both
the system time constants and the system time delay. Hence, the perturbed system transfer function
for Equation (18) is given by Equation (20).

1

28 1.28 _01255 . X¥ = A% + Bu
G() = Faerizs® ’ {37 =Cx (20)
- 1—240 1] 5 [ 0 .
where A = [—1.28 ol B = [1.28] and C =[1 0]

Perturbed system delay, T = 0.125 s. For PID with TDE control, the TDE parameters
considered are n =0.01 and t, = 0.001 s. Further, for PESO-based ADRC with TDE control, the
TDE parameters considered are n =0.001, t;, =0.001s, T =0.125s, and w,= 4. Furthermore, for
hysteresis, the variables in PID control are y =2, « = 1.16, and g = 0.35; and for PESO-ADRC,
the variablesare y =0.1, « =1.16,and g =0.35.

1.5 1 T 1 T T T T

System Response y(t)

0 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
Time (s)
PESO-ADRC (No TDE) TDE-PESO-ADRC PID (No TDE)
===== TDE-PID = weeerees Reference

Figure 8. System response impact of TDE on PID and PESO-ADRC methods under
nonlinear hysteresis and perturbed system parameters.

The perturbed system’s performance measures are displayed in Figure 8 and listed in Table 3.
Table 3 and Figure 8 demonstrate that the systems responded more quickly and had a shorter rise
when TDE was present. The RT was 1.0316 s with TDE vs 1.1677 s without TDE for the PID control
scheme, and 0.4007 s with TDE compared to 0.7052 s without TDE for the PESO-ADRC approach.
For the TDE-PESO-ADRC method, the initial system response’s overshoot was greatly reduced by
45%; however, for the case of PID with TDE, the decrease in initial overshoot was not observed.
However, from Table 3, under the effect of parameter perturbation at 20 s, the TDE system reached a
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faster settling time for the cases of both TDE with PID and PESO-ADRC control approaches. Hence,
the percentage improvement P; obtained in ST, ITAE, and OV was significant for the predictive
ADRC-TDE control (34.79%, 80.44%, and 42.64%, respectively), contrasted to the TDE-PID
control method, thus showing greater robustness to the concerned system’s perturbed parameters and
nonlinear hysteresis acting under time-delay control.

Table 3. Control performance criteria for PID and PESO-ADRC controllers under
hysteresis and parameter perturbation.

Control method Performance criteria TDE excluded TDE included P; (%)

PID RT (s) 1.1677 1.0316 11.6554
ST (s) 28.9399 26.4470 8.6141
oV (%) 16.4865 14.4684 12.1317
ITAE 21.7600 21.7700 ~0

PESO-ADRC RT (s) 0.7052 0.4007 43.1792
ST (s) 39.5763 25.8071 34.7915
OV (%) 42.9332 24.6245 42.6446
ITAE 49.8300 9.7460 80.4415

3.4. Experiment 4: Impact of TDE on control mechanisms in the presence of nonlinear hysteresis,
perturbed system parameters, and added external disturbance

This experiment extends the one from the preceding subsection, which included hysteresis and a
25% incrementation in system parameters at 20 s. Thus, the cumulative applied uncertainty given by
Equation (12) includes the nonlinear hysteresis, parameter perturbation, and input disturbance in the
form of external disturbance added to the perturbed system in Equation (20). Two different forms of
external disturbances are assessed in this section. Case 1 is a step input disturbance of magnitude 0.6
applied at 20 s, f;(x(t),t) stated in Equation (21), and the other case is with periodic forms of
uncertainties f,(x(t),t) given by Equation (22).

filx(t),t) = 0.6 step(t — 0) (21)

fo(x(t),t) = 0.4sin(x;) — 0.1u + 0.2 (siné) (22)

For hysteresis, under all cases, the variables used are y =2, a =1.16, and g = 0.35. Under
case 1, for TDE-PID, n =0.01 and t;, = 0.001 s, whereas for TDE-PESO-ADRC, n = 0.001 and
t, = 0.001 s. Other parameters for the ADRC and PID controllers are equal to those specified in the
preceding section. Figures 9 and 10 illustrate the impact on system responses for both TDE-PID and
TDE-PESO-ADRC controllers under the nonlinear effects of hysteresis, perturbed system parameters,
and an added input external disturbance to the perturbed time-delay system. Table 4 lists the
corresponding performance metrics for Figures 9 and 10.

As indicated in Table 4, Figures 9 and 10 demonstrate that both the controlled system with the
TDE mechanism displayed a shorter rise (RT) when the TDE was introduced. In addition, the TDE
mechanism in the TDE-PESO-ADRC showed a decrease in overshoot at the beginning of the
transient response, contrary to the slight increase in response obtained in the TDE-PID controller
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between 0 and 5 s for the case of added disturbance f;(x(t),t) given by Equation (21). However,
for the TDE-PID controller with added disturbance in Equation (21), the overshoot decreased by 14%
between 20 and 25 seconds. For the PESO-ADRC controller, the system response was unstable at the
onset of the external disturbance in the absence of TDE. Thus, the response could not be plotted.

1.4 T T T T T T T

1.2
=
o 1
I
c
2 osf
0
2
£ 0.6
2
2 04f .
(2} 0.95

12 14 16 18 20
0.2 4
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time (s)
TDE-PESO-ADRC PID (No TDE
==== TDE-PID = wreeeee- Reference

Figure 9. Case 1: System response impact of TDE on PID and PESO-ADRC methods
under nonlinear hysteresis, perturbed parameters, and added disturbance f; (x(t),t).

1.2

0.6 1

0.4H 1

System Response y(t)

0.2} h

0 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40
Time (s)
| TDE-PESO-ADRC (Case 2)=#*=+=* Referencel

Figure 10. Case 2: System response impact of TDE on PESO-ADRC method under
nonlinear hysteresis, perturbed parameters, and added disturbance f,(x(t),t).

Moreover, employing the TDE mechanism to control the perturbed system under the effect of
periodic disturbance f,(x(t),t) given by Equation (22) is pictorially presented in Figure 10. The
system’s response characteristics are provided in Table 4. For both cases, with the TDE mechanism,
the predictive-based ADRC’s response shows system instability after adding an external disturbance
to the perturbed time-delay system under nonlinear hysteresis. Thus, the system response for the
same is not plotted in both Figures 9 and 10. Therefore, the improvement values [P; (%)] could not
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be tabulated in Table 4 for the PESO-ADRC controller method. However, by incorporating the TDE
mechanism in this circumstance, the TDE-PESO-ADRC could conquer this unsteady behavior and
provide an acceptable response curve that demonstrated considerable resistance to system
uncertainties (Figure 10 and Table 4).

Table 4. Control performance criteria for PID and PESO-ADRC controllers under
hysteresis, parameter perturbation, and added external disturbance.

Control method Performance criteria TDE excluded TDE included*  TDE included** P; (%)

PID RT (s) 1.1644 1.0237 Unstable 12.0835
ST (s) 34.0669 31.9926 Unstable 6.0889
oV (%) 35.5585 30.5462 Unstable 14.0959
ITAE 40.4700 30.4100 Unstable 24.8579
PESO-ADRC RT (s) Unstable 0.3836 0.3741
ST (s) Unstable 23.7901 9.6750
OV (%) Unstable 12.6710 33.4131
ITAE Unstable 4.3900 7.9730

*Case 1, **Case 2

Similarly, both Figure 10 and Table 4 do not include the system response’s performance
measures for the TDE-PID method because of the oscillatory character of the periodic external
disturbance given in Equation (22) added to the system under test, seen in Equation (18). Hence, it is
inferred that the TDE-PESO-ADRC control method is less susceptible to different forms of input
disturbances like periodic, nonlinear, and step forms applied to the concerned controlled object, in
contrast to the TDE-PID control mechanism. Therefore, this emphasizes how crucial the TDE control
mechanism is for analyzing and mitigating all kinds of nonlinear phenomena subjected to a
time-delayed system under control.

3.5. Experiment 5: Impact of TDE on control mechanisms in the presence of nonlinear hysteresis,
perturbed system parameter, added external disturbance, and varying system time delay

The robustness of the suggested TDE-PESO-ADRC and TDE-PID techniques is evaluated in
this experiment over a range of system delay values when hysteresis, parameter perturbation, and
input disturbance are added externally to a system. The delay 7, in this experimental test is
equivalent to the concerned system’s time delay (in Figures 11 and 12).

For the ADRC, w,=4, and the TDE parameters are n =0.001 and t, =0.001 s. For hysteresis,
the variables used are y = 0.1, « = 1.16, and f = 0.35. For the PID controller, the TDE
parameters considered are n =0.01 and t, = 0.001 s, and for hysteresis, the variables used are y =
2, a =1.16, and £ = 0.35. In this analysis, the input disturbance added externally at 15 s to the
perturbed system under control is given by f;(x(t),t) indicated by Equation (21). Further, 25% of
parameter perturbation is injected at 20 s for the TDE-PESO-ADRC method (Figure 11). While
assessing the resilience of the TDE-based controllers in this analysis, the delay block present in the
input channel of the ESO and the ESPO subsystem, seen in Figure 4, has a value of 0.1 s. This delay
is referred to as a delay design in this test. On the other hand, t, is varied through a range of known
delay values in this experiment to evaluate for robustness. Their corresponding performance index
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measures are tabulated in Tables 5 and 6, and the system responses to study the impact of varying
time delays are presented in Figures 11 and 12.

For the TDE-based PESO-ADRC controller in Figure 11, the experiments were performed on an
increase in delay from t, = 0.12 and 0.14 to 0.16 s. It is seen that the system responses were
therefore oscillatory for greater system latencies, but they could compensate for nonlinear
uncertainties, demonstrating decent strength and steady performance for distinct delay scenarios.
Besides the transient response features like RT, OV, and ITAE, Table 5 also lists the response time
(t,), which provides the time needed for the system response to reach a steady state after overcoming
the external disturbance applied.

1.4f .

1.2

1 14 ..I... fa s

0.8

0.6

System Response y(t)

0.4

0.2

0 5 10 15 20 2 %
Time (s)
Te = 0125 =mmem 7, =0.14s
T. = 0.168 =venrarass Reference

Figure 11. System response for varying system delays for TDE-PESO-ADRC control
under nonlinear hysteresis, perturbed parameters, and added disturbance f; (x(t),t).

Table 5. Comparative analysis of control performance for the TDE-PESO-ADRC
approach for change in system delays.

TDE-PESO-ADRC RT (s) t, (s) OV (%) ITAE

T, =012 0.3804 25.5991 25.1663 14.0400
r, =0.14s 0.3634 25.5840 31.6383 14.9900
7, =0.16s 0.3512 26.6227 44.0313 18.8000

Further, for the TDE-PID-based controller, the peak values of the oscillating response were
decreased for different time-delay situations, such as 7, =0.2s, 0.4 s, and 0.6 s, following the onset
of the external disturbance given by Equation (21) and 25% parameter perturbation at 30 s (as seen
in Figure 12). Furthermore, the performance criteria displayed in Table 6 for changes in the
TDE-PID controlled system delay responses showed robustness and significant compensation for all
forms of disturbances present. However, the response curve oscillates for delay values of 0.5 s and
above, paving the way for further research. Therefore, it was observed that the TDE-PID controlled
system could withstand greater delay values up to 0.6 s, unlike the TDE-PESO-ADRC control
method, which could compensate for a second-order system having 0.16 s delay, subjected to various
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disturbances and nonlinear backlash-like hysteresis under time-delay control. Thus, this showcases
the more robust and endurance behavior of the TDE-PID control method when affected by variations
in system time delay.

1-5 1 T T T T T I T T

System Response y(t)

0 5 10 15 20 25 30 35 40 45 50
Time (s)
Ts = 0.28 =mmem 7, =04s
Ts = 0.6 =eseremnns Reference

Figure 12. System response for varying system delays for TDE-PID control under
nonlinear hysteresis, perturbed parameters, and added disturbance f; (x(t),t).

Table 6. Comparative analysis of control performance for the TDE-PID control approach
for change in system delays.

TDE-PID RT (s) t, () OV (%) ITAE

7, =025 0.9958 44.0616 32.6118 54.3800
7, =045 0.9320 43.9519 37.4193 58.2000
7, =065 0.8935 44.1372 45.9028 71.7600

3.6. Experiment 6: Control signal for TDE-based controllers

In this section, the parameter values used for the TDE-based controllers are the same as those in
the preceding section. The control signals fed to the system under control are provided in Figures
13(a) and 13(b) for TDE-PESO-ADRC and TDE-PID control, respectively. Both responses seen in
Figure 13 are under the impact of nonlinear hysteresis, parameter perturbation, and an added external
disturbance (f; (x(t), t)), under varying system time-delay scenarios.

For TDE-PESO-ADRC control, the controlled object could withstand smaller delay values
(seen in Figure 11 and Table 5). Meanwhile, for TDE-PID control, the controlled object showed
resilience to higher system delay values (shown in Figure 12 and Table 6). Hence, the control signals
were plotted for each TDE-based control method as per the simulations performed in this section.
Figure 13 (a) shows that the TDE-PESO-ADRC method reached a steady state much earlier for a
range of smaller, varying time-delay values. However, the TDE-PID control method took longer to
achieve a steady state, as seen in Figure 13 (b). It is to be noted that the TDE-PID is more aggressive
at the beginning of the control (the control signal reaches 11), which might trigger hard constraints
for some applications. Therefore, the controller operations are challenged by adding a hard constraint

AIMS Electronics and Electrical Engineering Volume 9, Issue 3, 314-338.



332

on the control signal to the system, with their respective plots shown in Figure 14. This is achieved
by inserting a saturation block before the nonlinear hysteresis phenomenon, which leads to the
controlled object shown in Figures 4 and 5. In this scenario, the overall system comprises hysteresis,
the concerned system with time delay, and other uncertainties acting on it. The saturation block is set
to an upper limit of 5 and a lower limit of -5. In Figures 14 and 15, 7, = 0.12 s for the
TDE-PESO-ADRC method, and with 7, = 0.2 s for the TDE-PID control method.

Control Input Signal

0 5 10 15 20 25 30 35
Time (s)
————— 7s = 0.12s Ty = 0.148 «veveveees 7, = 0.165

(a)

Figure 13. Control signal for varying system delays under nonlinear hysteresis,
perturbed parameters, and added disturbance: (a) TDE-PESO-ADRC control; (b)

TDE-PID control.
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Figure 14. Control signal to the overall system under nonlinear hysteresis, perturbed
parameters, and added disturbance for the saturation case: (a) TDE-PESO-ADRC; (b)

TDE-PID control.

As observed in Figure 14(a), for the TDE-PESO-ADRC method, the initial amplitude of the
control signal is reduced from almost 10 to 5. Moreover, for the TDE-PID control method, the initial
peak is reduced from 11 to 5. Therefore, the saturation block further limits the control signal fed to
the overall system, making it less aggressive in nature, as seen in Figure 14. Furthermore, Figure 15
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provides the corresponding system output responses for the case of saturation added in Figure 14.
For both the TDE-PESO-ADRC and TDE-PID control methods, it is noted that the output response
curves obtained with saturation present are in accordance with those obtained from the
non-saturation case. Hence, an acceptable minimal difference is observed in the output responses by
limiting the value of the control signal to the overall system.
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Figure 15. System output response for the saturation case: (a) TDE-PESO-ADRC; (b)
TDE-PID control.

3.7. Experiment 7: Sensitivity analysis of the TDE parameters on control mechanisms in the presence
of nonlinear hysteresis

This subsection conducts a sensitivity analysis to determine the choice of TDE parameters used
for experimentation. Figure 16 illustrates the choice of TDE parameters for the TDE-PID controller
operation, by first keeping the positive constant n varying from values 0.001 to 0.2 (in Figure 16
(@), when b =0.2. Similarly, in Figure 16 (b), the parameter n is kept fixed at 0.001 for a varying
gain factor b value ranging from 0.001 to 0.2.

The significance of parameters n and b are related to the TDE-PID control law u,(t) given
by Equation (16). Figure 16 (a) plots the sensitivity performance for n values tuned to 0.001, 0.01,
0.1, and 0.2, and the gain factor b constant at 0.2. It is noted that the transient response
characteristics measured, such as the RT, ST, OV, and ITAE, remain consistent for all the
abovementioned n values. Therefore, this indicates that the TDE-PID controlled system is less
sensitive to changes in n. Further, Figure 16 (b) illustrates the performance analysis for the case
where the parameter b is varied from 0.001, 0.01, 0.1, to 0.2; and for all n = 0.001. Hence, it is
seen that the performance criteria measures experience certain changes when b of the TDE-PID
controller is varied, but these variations observed are within acceptable limits, hence showcasing less
sensitivity to varying b parameter in a relatively small range.

Moreover, a sensitivity performance analysis was conducted on the choice of TDE parameters
for the TDE-PESO-ADRC control method. It can be inferred from Figure 17 that for n values tuned
to 0.001, 0.01, 0.1, and 0.2, the performance appears to increase slightly for all transient response
characteristics (RT, ST, OV, ITAE). Hence, the TDE-PESO-ADRC control method is less sensitive to
n values. It is important to note that the parameter b is not included in the control law of
TDE-PESO-ADRC, given by Equations (13) and (14); therefore, it has not been plotted in Figure 17.

AIMS Electronics and Electrical Engineering Volume 9, Issue 3, 314-338.



334

= T
101 -
10'f
’Q\ o i Ao Hrmmmmmm * _
@ o)
5 3
8 —%- RT o
= *- ST o
[0] =
8 ov s
«© —%— ITAE 3]
S ©
£ £ % - RT
(@]
e i s T *- ST
[0]
o ov
—¥— ITAE|
R e E T E R R LT L EEEEEr *
_______________ I %
L R R C el S T S
10° ' . 100 s .
10° 102 107" 103 102 107

n (log scale)

(a)

b (log scale)

(b)

Figure 16. Sensitivity analysis of the TDE-PID control: (a) with constant b parameter;
(b) with constant n parameter.

Performance (log scale)

-%- RT
-%- ST
s ov | |
" —%— ITAE
E e T TD i (o T M SO M S SR RS *------ ¥
//e
10° s )
RS FASRS SRS SOy Y~ *------ ¥
10° 102 10"
n (log scale)

Figure 17. Sensitivity analysis of the TDE-PESO-ADRC control with varying n values.

4. Conclusions

This paper performs a comparative analysis between two recent time-delay estimation-related
controllers, namely the TDE-based predictive ESO-based ADRC method [8] and the TDE-based PID
control method [17], to highlight the importance of TDE methods in predicting and overcoming the
various uncertainties and nonlinearities manifested in the control system theory field.

The experiments performed in this paper were tested using the TDE-based controllers on a
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second-order time-delay system under different circumstances, such as the presence of nonlinear
backlash-like hysteresis, followed by system parameter perturbation, then an external input
disturbance, followed by varying the perturbed system’s time delay. Under all these scenarios, the
TDE-PESO-ADRC approach improved the estimation and mitigation of the uncertain prevailing
nonlinearities compared to its non-TDE counterpart. Also, the TDE-PID controller showed good
robustness to various uncertainties, with shorter rise time and settling time, stable system response,
and decreased oscillations. The results obtained were validated using measures such as performance
index metrics and transient response characteristics. Furthermore, a sensitivity analysis was
conducted on the choice of specific TDE parameters for TDE-based controllers to validate their
respective selected values.

However, it was demonstrated that the TDE-PESO-ADRC method could estimate and
counteract the different forms of periodic and step forms of external disturbances added to the
perturbed system to be controlled, unlike the TDE-PID controller, which showed an unstable
response under the impact of a periodic kind of disturbance, hence directing the use of adaptive TDE
gains under future scope. On the other hand, the TDE-PID control approach could sustain a
satisfactory and stable response to an increasing system time delay, unlike the TDE-PESO-ADRC
method, which showed endurance to a small range of carrying system time delay. Therefore, future
work is required to obtain a decent trade-off by improving the TDE-based control mechanism for
systems with unknown and higher delay values, along with considering noise and friction acting on a
higher-order system under control. Currently, the setup of a hardware-based human-machine
interface platform is underway, followed by the modeling of its digital twin setup. These time-delay
estimation-based controllers will be combined with the modeled digital twin to minimize the error
signal between the physical system output and the digital twin output. Hence, the control and
time-delay compensation of such higher-order systems will contribute to real-world industrial
applications.
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