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1 | INTRODUCTION

The robotics industry is projected to dominate the upcoming decade, as well as to experience considerable market growth.
As such, advanced robotic systems are receiving significant attention from both academia and industry, especially con-
cerning their essential role in the development of autonomous technology and battery electric vehicles (BEVs) to enhance
the efficiency, safety, and sustainability of mobility.!~3> Mobile manipulators, which are robotic arms mounted on wheeled
platforms for industrial use, can benefit from the development of BEVs, as they are capable of performing a wide range
of tasks in various environments, from manufacturing and logistics to search and rescue operations and beyond.* The
on-board robotic arms of mobile manipulators can be equipped with hydraulic actuators, to enable their movement and
manipulation capabilities, as they are commonly used in such scenarios due to their high power-to-weight ratio. Despite
representing a mainstay in numerous industries for decades, the use of hydraulic actuators in mobile manipulators
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presents several challenges and limitations, the primary of which is that they are energy-inefficient.’ In addition, they are
susceptible to leakage, which can lead to decreased pressure and diminished performance.®

Electrified actuators have emerged as a popular alternative to hydraulic actuators due to their high potential
performance, the primary advantage of which over hydraulic actuators lies in their superior efficiency and lesser
maintenance needs as well.” Furthermore, they offer more accurate control, as they integrate with sensors and
advanced electronic control systems to enable greater precision when performing such tasks as lifting and moving
heavy objects.® The ongoing trend towards electrification in the field of mobile manipulators has led to the emer-
gence of electro-mechanical linear actuators (EMLASs) as an alternative to hydraulic actuators, as they comprise a class
of devices designed to transform electrical energy into linear motion, enabling the execution of various functions'®
and typically consisting of several components, including a motor, lead screw or ball screw, nut, and load-bearing
component.'H12

The motor is responsible for providing the required rotational force, and the lead or ball screw is utilized to convert
the rotational motion of the motor into linear motion. Permanent magnet synchronous motors (PMSMs) are a common
motor type utilized in EMLAs due to their numerous benefits, including high power and torque density, allowing them to
generate substantial force and power relative to their size.!*# In addition, PMSMs are highly efficient at converting elec-
trical power into mechanical power, making them suitable for energy-efficient applications, such as mobile manipulators,
whose batteries can store only limited energy.'>!6

EMLAs are considered a multidisciplinary challenge, whose interactions spark intricate dynamics that are diffi-
cult to model for control design.!” Accurately modeling the multi-stage components of an EMLA is crucial because
of its complex behavior, which can vary under different operating conditions, such as variable loads and parameter
uncertainty. In particular, the ball screw exhibits nonlinear and non-ideal characteristics that must be considered
in modeling and control design.!” In this way, to simplify the structure of EMLAs, a nonlinear strict-feedback form
(NSFF) is a proper option, as it can mathematically express a cascade of functions, each of which takes its input
as the output from the previous function. The system input can be directly controlled, but the intermediate vari-
ables and system output are determined by the system dynamics. In general, NSFF systems are typically controlled
using feedback control, such as adaptive control, nonlinear control, or backstepping control, among others, all of
which enable the easy modification of parts of the entire system and a separate investigation of the performance
of each subsystem for high-quality results.!® Hence, some recent research has utilized the NSFF control structure
for the design of PMSM control to offer effective solutions to the challenges of achieving stability, tracking perfor-
mance, and ensuring robustness in the presence of disturbances, uncertainties, and input constraints in PMSM control
applications.!®-2!

In recent years, backstepping control, which is one method compatible with NSFF systems, has gained attention
as a research area to address robust control in the electric machinery field, like PMSMs, due to its autonomy and
ability to handle complex nonlinear systems, providing a straightforward method for designing robust control sys-
tems. This recursive control method is based on the backstepping technique, which involves designing a sequence
of controllers, each of which stabilizes one subsystem of the overall system.?? Furthermore, numerous studies in the
literature have focused on enhancing the robustness of PMSMs using different types of adaptive backstepping con-
trol techniques, which have been demonstrated to possess significant potential for modeling complex systems and as
adaptive controllers for nonlinear systems, as evidenced in previous works.?>2> In the field of PMSM control, most
research and studies have been conducted with a focus on velocity control. However, the current work is being discussed
in a context focused primarily on position servo control.??” Conversely, one drawback of backstepping algorithms
that can engender complexity is called an "explosion of complexity” due to the repeated time derivative of the vir-
tual control input, which should be solved in complex applications.?® Hence, Lu and Wang® proposed the use of a
fractional-order command filter for PMSMs to address this issue, and a command filtering-based neural network con-
trol scheme was developed to handle input saturation in PMSMs. They, in another paper,*® studied observer-based
command-filtered adaptive neural network (NN) tracking control for a fractional-order chaotic PMSM subject to param-
eter uncertainties and external load disturbances. Likewise, to resolve the complexity of backstepping, they employed
a command-filtering approach based on the first-order Levant differentiator. As demonstrated, most prior research
tackled the issue by utilizing various filtering techniques, but the present work deviates from this approach and instead
treats the time derivative of the virtual control input as an uncertain term in the system, without relying on any explicit
filtering.

Precise measurements of electrical and mechanical parameters, including stator resistance and the friction coeffi-
cient, for PMSM, are often challenging. Moreover, commonly, the external load torque value is unknown and cannot
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be determined accurately. These factors highlight the critical need for the design of robust control methods, as the
absence of which can jeopardize a system’s performance and safety, as well as result in costly downtime or even
catastrophic failure. Specifically, load disturbances can significantly impact the performance and stability of PMSMs,
resulting in reduced efficiency, increased wear and tear, and potential damage to both the motor and drive system.
Hence, a nonlinear disturbance observer was designed to estimate load disturbances by Liu et al.,’! to regulate PMSM
speed when driving using backstepping control, and it combines the speed and current controllers. PMSM systems
with unknown load torques were studied by Sun et al.!® and Ali et al.3 who proposed new adaptive backstepping
control methods to address the position/speed tracking problem, ensuring the asymptotic stability of the overall sys-
tem. Although recent studies on PMSM control have emphasized addressing external disturbances and uncertainties,
they have not adequately addressed the issue of input constraints, which is a common problem in PMSMs. Input con-
straints are crucial considerations in the control of PMSMs, owing to the inherent physical limitations of the input
voltage and current of these motors. The application of control signals exceeding these limits can result in system
instability, motor overheating, and permanent damage. Furthermore, the presence of load disturbances and model
uncertainties can also cause the control signals to surpass the physical limitations of the motor. In such situations, it
is imperative to design control systems that ensure stable and dependable motor operation while adhering to these
constraints, thus enabling the operation of the motor within a safe and stable setting and safeguarding it from dam-
age. To address general disturbances and input saturation in PMSMs, Tan et al.3? proposed a sensorless robust optimal
control scheme utilizing two NN-based observers. The first was designed to estimate the back-electromotive force
(EMF), while the second was designed to estimate the tracking errors of the rotor position and speed in uniform
boundedness.

As extensively discussed earlier, in recent years, robust backstepping control has generated significant interest in
PMSMs in NSFF structures. However, it has been observed that this control method has not been widely adopted in
current studies concerning EMLAs actuated by PMSMs within NSFF structures. In addition, few studies have compre-
hensively addressed control problems in EMLAs, such as external disturbances, uncertainties, and input constraints.
However, an adaptive backstepping tuning-function sliding-mode controller was proposed by Coban>* for a class of NSFF
systems to overcome quickly the varying parametric and unstructured uncertainties and avoid complexity. The effec-
tiveness of the proposed controller was demonstrated by studying its implementation in an electro-mechanical system.
Although Lin and Lee? discussed linear induction motors (LIMs), they may not be directly relevant to our application.
In addition, they have also not addressed input constraints in the systems.

The present study makes several significant contributions to the field of EMLA control, as follows: (1) A complex
EMLA system with a multi-stage gearbox, driven by a PMSM to carry loads, is modeled. (2) A robust control for the EMLA
system under input constraints is designed by transforming the model into a four-order NSFF decomposed into three
subsystems with uniformly exponential stability. (3) The "explosion of complexity” problem is solved without the need
for filters. (4) Finally, a comprehensive analysis of the RDSC’s performance with an EMLA across various duty cycles
confirms its significance.

The remainder of the paper is organized as follows:

1. Section 2 presents the various components of the EMLA servomechanism, along with the development of related
analytical models to examine the energy conversions occurring within the system. The state-space model of the
EMLA is then obtained by considering the aforementioned sub-models, and it is presented as a function of
linear motion on the load side of the servomechanism to facilitate position control purposes. Finally, the spec-
ifications of the EMLA components, including the PMSM, gearbox, and screw, are listed at the end of this
section.

2. In Section 3, we investigate the control problems of the EMLA system, including input constraints, external distur-
bances, and uncertainties. To do so, we transform the EMLA system into a four-order NSFF system, consisting of three
subsystems, the first of which is associated with the linear motion dynamic of the EMLA, while the second and third
are associated with the Park frame related to the PMSM.

3. InSection 4, we define the RDSC and present implementable equations to meet the requirements of the EMLA system.

4. Section 5 includes an extensive analysis of the uniformly exponential stability of the EMLA system.

5. The performance validity of the RDSC is investigated in Section 6 by considering two types of cycle duties, depending
on the load type and the moment of loading and unloading, and the numerical performance of the RDSC for the EMLA
is summarized in Tables 4-7.
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2 | ELECTRO-MECHANICAL LINEAR ACTUATOR MODELING
2.1 | Mathematical model of EMLA

This paper presents a study of an EMLA that utilizes a surface-mounted PMSM to convert electric power to mechani-
cal power. The mathematical model for this EMLA is developed in the current section, and the system configuration is
illustrated in Figure 1. The electric motor of the servomechanism is connected to a reduction gear, which in turn is cou-
pled to a screw-nut mechanism to convert rotary motion into linear motion and to allow the load to move mechanically.
To simplify the EMLA modeling process, the paper considers three sub-models, namely, the PMSM, the gears, and the
screw—-nut mechanisms, as follows:

2.1.1 | Permanent magnet synchronous motor

The rotary part of the PMSM is equipped with PMs, and their flux linking can be written in three ABC phases, as in (1):3%%7

cos(6
WaPM wpmCos(8,)

Wopm | = WPMCOS(Qe - 2?”) (1)

WePM WpMcos(Ge + 2?”)

where ypy is the PM flux linkage and 6, is the electrical angle of the rotor. The total flux in each stator phase, which
comprises the PM and three windings, can be calculated as a function of the self-inductance of the stator windings (L,
Ly, and L), the mutual inductance between stator windings (Lap, Ly, Leq, €tc.), and the PM fluxes in each phase (yg, yp,
and ). This relationship is expressed as in (2):

Ya Log Lap  Lac || Warm
Wb |=|Lva Lob Lo || worm 2
Ye Lca ch Lcc YePM

Lastly, the voltage across the stator windings (u,, up, and u.) can be determined based on the magnetic flux change rate
for each stator winding and the stator current (i, ip, and i.), as given in (3):

dﬂ
ua Rs 0 0 la dt
w =0 R o ||ip|+ % (3)
Uc 0 0 s || Le dv,

dt

where the resistance of the stator winding is denoted as R;. To eliminate the dependence of the PMSM’s three-phase
voltage on the rotor angle, the Park transformation can be utilized, as it converts the voltage from the ABC frame to the
dqO frame, as illustrated in (4).

Subsystem 1 Subsystem 2
""""""""" L NVl T2\ F, ——— !
) — O gz: Lv 9‘.-\ :
PMSM : : O = v
1 t : * : : - :
u; fom g2 ile—_J;
Motor 1 1 Gearbox Ball/Screw Lead Load :
——————————————————————————— 4 T Ll T TOrTOTTITOTTTTTTT’T'T'™sm)ms

FIGURE 1 EMLA schematic.!!
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. di .
ug = Ryig + de—: — PwLyiy

di
Uy = Ryig + qu—f + PwLgiq + Poypy

dip

n )

Ug = Rsip + Lo
where Lg, Lg, and Ly are inductances in the d-axis, g-axis, and zero sequence, respectively. Furthermore, the two currents
of the PMSM in the d-axis and g-axis are represented as iz and iy. In addition, w is the mechanical rotational speed, and
P is the number of rotor PM pole pairs. Subsequently, the electromagnetic torque produced by the PMSM (z;,) can be
expressed as in (5):

3. .
Tm = Equ(WPM + (Lg — Lyia) ©)

As the rotor of the studied surface-mounted PMSM has a non-salient shape, the inductances Lg and L, are
identical. Therefore, the electromagnetic torque equation can be simplified and expressed as a function of iy, as
derived in (6):3®

3.
Tm = Equll’PM (6)

The dynamic equation of EMLA motion on the motor side can be explained as in (7):
T = Jnbm + 77 + g1 (7

where J,,, is the motor inertia; 7 is the mechanical loss of the motor, including friction and windage; 7, is the input torque
of the gearbox; and 4 is the angular acceleration of the rotor of the electric motor.

2.1.2 | Reduction gear

The relationship between the input and output torques of the gearbox is as follows (8):%

n

®)

Tg] = —————— T
& nos(to. wgp)
where n is gear ratio, 7y, is the output torque of the gearbox, and #gg is the efficiency of the gearbox. It is worth men-
tioning that #¢p is a function of the applied torque and angular velocity of the gearbox, and the gear ratio can be defined
asin (9):

ny

where n; and n, are the number of input and output gear teeth. The output torque of the gears is coupled to the transmis-
sion system of the EMLA to deliver power from the gears to the screw nut, and the motion equation can be considered as
in (10):

Tg2 = ]tét + b[é[ + Tps (10)
where J; and b, are the inertia and viscosity of the transmission system, respectively. In addition, §, and 6, are the angular

acceleration and angular velocity of the transmission system, respectively, while zzg is the torque applied to the screw
mechanism, and it will be calculated in Section 2.1.3.
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2.1.3 | Screw-nut mechanism

The screw-nut mechanism of an EMLA is responsible for converting the rotary motion into linear motion, and the
torque-force relationship motion equation of a screw mechanism can be written as in (11):404

Tps = AFBS (1)
27nps(TBs, WBs)

where the direct, reverse, and general efficiencies of the screw mechanism, denoted as #y4, #;, and 7ps, are obtained
using (12):%

1
Nd =
1+ (L)
tana
U
nm=1-———
tana
ngs = nasgn(wgs) + 7;(1 — sgn(wss)) (12)

In the mentioned equation, u is the friction coefficient of the screw system and « is the lead angle of the
screw. For simplification, the coefficient of converting rotary movement to linear movement, called cgy, is defined
asin (13):

2r
Crp, = —
np

13)

where p is the screw pitch of the screw mechanism. Meanwhile, the output force of the screw mechanism, called Fgg, can
be computed as in (14):

Fgs = mpsXy, + bpsX;, + kpsxy + Fr, (14)

where Fp, mgs, bgs, and kps are the load, the mass, damping coefficient, and stiffness of the screw mechanism.
As well, xg, Xz, and X1 are the linear position, velocity, and acceleration of the screw mechanism at the load side.
A mathematical model of the EMLA can be derived by developing motion equations between its different com-
ponents. To form the two-mass model of the system, the inertia of the EMLA can be expressed at a single point,
asin (15):

1, 5 1. 5 1., 1.
Equwm = E]ma)m + EJ[CU[ + EMBSxBS (15)

Meanwhile, the speed of different components can be written concerning the motor side, as in (16):
M
Ly = Jm + 020 + =2 (16)
Similarly, the equivalent stiffness at the motor side can be expressed as a function of motor twist, as in (17):

S K0 = S 03, + T2 A0} + 2 Ks A 17)

1
2

By with considering Ax = % and A6 = ki the stiffness of the system can be obtained using (18).

+ — (18)
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Finally, the equivalent viscosity of the entire system and the force coefficient can be written as in (19) and (20),
respectively:

n? 1 1
By = [CRL <bm + —bt> + —< >st] (19)
nee(TGB, ®GB) crr \ nBs(TBs, @Bs)NGB(TGB, ®GB)

1
Jeq = (20)
“ erpnee(ten, @GB)MBs(Ths, ®s)

As a result, the electromagnetic torque of the electric motor can be written as in (21), as the function of linear motion
characteristics at the load side of EMLA (X, Xz, x1):

Tm = qujéL =+ Bequ =+ Kequ +f;gqFL (21)
where I, Beg, Keq, and foq are the equivalent inertia, damping, spring effect, and load coefficient of the EMLA system,
respectively.

2.2 | State-space model of EMLA

To meet the control objectives, the state-space model equations are formulated in terms of the linear motion of the EMLA
at the load side, and the equations for the derivatives of the motor current can be obtained using (22).

diy 1 . .

— = —(ug — Rsig + Pcrrxr2L4i

dt Ld( d std RLAL4Lq q)

diq 1 . . . .

T L—(uq — Rsiq — PerpXrLaiq — PerpXrypm) (22)
q

In this study, the objective of control is to maintain a load position while regulating the d-axis current, ig, to follow the
reference current i, = 0. By setting iq to zero, the magnetic field along the d-axis is eliminated, and the torque generated
by the electric machine becomes independent of the rotor’s position. As a result, the load position can be controlled
without affecting the magnetic field along the d-axis. The g-axis current, iy, can be used to generate the torque necessary
for position control. In addition to the time derivatives of the currents, the linear velocity and acceleration of EMLA at
the load side can be found using (23):

1

X, = —0m
CRL

.. 173, .

XL = I_ [EquWPM - bequ - kequ _feqFL] (23)
eq

The state vectors of EMLA including the position at the load side, linear velocity, and currents in the dg-axis for the
studied system can be defined using (24):

X(0) =[xy Xz iq(t) ig(H]" (24)

Input vectors (control variables) of the system consist of input voltages of a PMSM along the dg-axis, which are given
in (25):

Ut = [ua(t) ug(®)]" (25)
In this paper, the PMSM adopted for the study case is the 400 V 3.99 kW Nidec PMSM servo motor, as well as the ball screw

BSG-ZUAZO model HLF "63%x16-13-8-R". The characteristics of the EMLA components, including the motor, gearbox,
and ball screw, are listed in Table 1.#3

8519011 SUOLULLIOD 8A1IEB10 3[Cfe01 dike aU) Ad PoULA0D 912 SIILE YO ‘95N J0'S3INI 0 AZJdl1 BUIIUO 3] O (SUONIPUOD-UE-SWBI LG 8|1 ATeJqlIpUIIUO//ST1IY) SUIPUOD) PUB SWR | aU) 95 *[1202/20/02] Uo ATeidi1au1uo Aa1im ‘Uoiepunod BelseAlun a.edwe . Ad £0Z. 9UI/Z00T OT/10p/uc" 81w ATeidIpuI|uo;/Sy W0 papeojumod ‘0 ‘6EZT660T



s_|_W HEYDARI SHAHNA ET AL.
ILEY
TABLE 1 Permanent magnet synchronous motor (PMSM) and gearbox parameters.*?

Parameter Value Unit
PMSM
PM Magnetic Flux 0.357 Weber
Number of Pole Pairs 3 —
Rated Power 3.99 kW
Rated Current 7.9 A
Rated Torque 12.70 N.m
Motor Stall Torque 16.00 N.m
Motor Peak Torque 48.00 N.m
Rated Speed 3000 rpm
Phase Resistance 1.23 Q
Phase Inductance 9.89 mH

Gearbox and BallScrew

Gear Ratio 24.35 —
Gearbox Efficiency 96 %
Screw Lead 16 mm
Screw Diameter 63 mm
Screw Lead Angle 4.55 Degree®
Screw Efficiency 87 %

3 | PROBLEM FORMULATION AND PRELIMINARIES

In this section, the entire EMLA system, expressed in Section 2, is transformed into a fourth-order NSFF, decomposed
into three subsystems, that consider the constraints on the control inputs S(-), which are introduced later in (30). Table 1,
regarding the PMSM’s specifications, expresses the input constraints, which are important for the motor. This means the
control inputs ig, ug, and u, cannot be applied directly to each subsystem. For (k =1, ... ,4), x; represents the states of
the subsystems, g, known coefficients, Fy uncertainties, and di external disturbances, including load effects, as shown
in Figure 2. Here, Fj and dj are assumed nonlinear and unknown. To clarify, Table 2 presents the definitions of each
parameter used in NSFF within the EMLA system.

The first subsystem has two sub-subsystems based on the dynamics of the EMLA, representing the linear position
and velocity in (23), and a current-q control S(iy) = iy is proposed to manipulate the position and velocity. The second
subsystem exploits the voltage-d control (S(uy)) for (22), after receiving the control value iz from the previous subsystem,
to force the states iq to track i’ (= 0), according to Park’s concept. Finally, the last subsystem determines the voltage-q
control (S(uq)) for (22) to force the real iy to track iy, received from the first subsystem as the reference value.

Because the RDSC uses the model-based EMLA, it must be robust enough to counter nonlinear load effects
and modeling errors. During this process, the RDSC, which requires only reference trajectories and actual state
values, can sufficiently produce the voltages and currents to tolerate a high load and uncertainties. For more
details, the interconnection among the subsystems of the RDSC structure as it relates to the EMLA has been
illustrated in Figure 3. Before conducting each subsystem analysis separately, we must provide some definitions,
as follows:

Definition 1. Assuming the function a,_; values (fork = 1, ... ,4) are virtual controls and differentiable, we
define the following function to reduce backstepping complexity and uncertainties, as follows:

dar—1 dxg—1  9ax— dd,

Fr = Fi(x1, ... ,Xg) —
k kx X oxp—, dt 00,_, dt

(26)
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Subsystem 1

. I (3 5. -
[XL - TIIIEP’qWPM - bequ - kcq'XL - ft'qFL]]‘ X, =X

X; =Xy

. Subsystem 2
[ iy = -Gy = Ryl + Peg 5, 2L, i) } sy

Iy = X3

Subsystem 3

i, =X

; i . . . .
[l,, = ,—(“q = Riiy = Pegp Xy Lyig = PL'RLXI_’I/PM.)}
»

FIGURE 2 Decomposing the EMLA system into three subsystems in NSFF.

TABLE 2 Actual physical meaning of NSFF parameters.
NSFF parameters
x1(8)

X(8)
x3(1)
X4(t)
&
&M
&M
84()
S()
ig(®)
uq(t)
Uy(t)
di (), ds(1), da(?)
dy (1)
Xa1(t)
Xa2(t)
Xa3(0)
Xga(8)
Fi(®)
Fy(t)
F5(0
Fy(t)

fl (t)5 fZ([)’fj(t)’ f4(t)

X) =Xy = g280,) + Fr(x), %) + d»

N

X3 = g38(uy) + F3(xy, X3, x3) + ds

{ Xy = 84S (uy) + Fy(xy, s x4) + dy

EMLA parameters
Linear position (x;)
Linear velocity ()
Current in d-axis (ig)
Current in g-axis (i)

1

1 (3
E(EPWPM>

Saturated control input
Q-current control

D-voltage control

Q-voltage control

Unknown disturbance

~fuaFi

Linear position reference (x,)
Linear velocity reference (x,)
D-current reference (= 0)
Q-current reference (S(ig) = i)
0

é(—bequ — KegXr)

Ll—d(—Rsid + Pepp X 2Lgi%) + f3

- (=Rlg = Pers X1 Lala = PerXiwpny) +

Unknown uncertainty

where ay = a, = a; = 0. Meanwhile, 0y, an adaptive function that can compensate for unknown effects
imposed both outside and inside of the system, is introduced later in (35). By assuming that there is a positive
constant Ay; and a smooth function 7, which is assumed always within the upper bound of uncertainties;
dmax(i)» as the bound of external disturbances; and a positive parameter €, which all could be unknown, we

can define:
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Subsystem 3
Xy =il
L Subsystem 3.1 ﬁ.
Subsystem 1
X, X
Voltage 4 Subsystem 1.2 Subsystem 1.1
a; =0 Control
gt .
g
X3 =g A i Current a, Virtual
Subsystem 2.1 Control Control [* |
. | Xgq 4§
X4
a2
a, =0 Voltage Uy
Control Load
i;=0
Subsystem 2
FIGURE 3 The RDSC schematic.
[Fel < Axric, 1di]l < dmaxe) > k=1,..,4

[Xar| < Qp

where x4 can be the reference value of the state x;.

(27)

To consider a robust adaptive law, we define the functions of subsystems to compensate for estimation errors, as

follows:
lge*—lJr AminA? + Vi Apind?
5 1V, = 5 H1AminiNy 1Amin®y,01(1)
L inta05 = 22 A2 4 v, d? Q) T )
5 min20, = > Amin + H2Ay V2l g0 + v3(€)” + V4<g2 max)
1., e _ 2 &2 2 5 2
lemln§393 = M3A3 +Vs max(3) + v6(€23)" + v7( g3 Amax
1 " — 2
S Aminda0, = HaNZ + W2 gy + 10(2)” + vio (8emax ) (28)

We can define 0 < A, = inf(Ax), where Ay is the constraint on control input and is used later in (32). Further, 0;: is a finite
function to adjust the adaptive estimation, and it is also unknown. All other parameters are assumed positive constants
and will be defined later, and they can be unknown except ¢ for k =1, ... ,4, which will be used as a control design

parameter.

Definition 2. Uniform exponential stability is a property of dynamic systems that ensures system solutions
decay exponentially at a uniform rate. More formally, a dynamical system is considered uniformly and expo-
nentially stable if there exist positive constants a and c, such that for any initial condition x(0), and positive
i1, the distance between their trajectories decays exponentially at a uniform rate:

lIx(t) = xa(O)] < ce™|Ix(0)|| + (29)

where || - || denotes a norm on the state-space of the system, and ¢ > 0 is the time variable. Uniform exponential
stability is an important concept in the field of control theory, referring to the property of a dynamical system
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where for any initial condition, the system’s response converges exponentially quickly to an equilibrium point,
and the rate of convergence is independent of the initial condition.

Definition 3. As mentioned earlier, it is mandatory to consider control input constraints in the EMLA
application. In this way, S(u(t)), as a function of the constraints on the control input u(t), is defined

as follows:
us, if u(t) > uy
Su(t)) = 3 u(t) if u; <u(t) <uy (30)
U, if u(t) <u,

where u; and u; are the high and low bound values of u(t). To a greater extent:

[Su®) = A u®) + 4 = k=1, ... .4 (31)
where
1 .
d = 4 TR if u@®>u; or u(t)<u, (32)
1 if u <u@®<Lu
and
u(t) :
~ ~ oI’ ifu(t)y >wuy
Ak =30 ifu; <u@®) <uy (33)
u(t) :
- m if u(t) <u;

As we can see, A < max(|ui| +1, |ux|+1) = Amaxs and A, < 1.
Assumption 1. Itis assumed that all system states are known and differentiable.

Assumption 2. It is assumed that external disturbances and uncertainties are unknown and bounded.
Except for the upper and lower constraints of the control input (1; and u,) based on the EMLA specification,
we assume that no further knowledge about input saturation is required.

In the following, the RDSC for the EMLA system, expressed in Section 2, will be defined, and a stability analysis will
be conducted.

4 | EMLA CONTROL BASED ON RDSC

As expressed in Section 3, there are three subsystems comprised of four sub-subsystems. Now, by knowing that g;(= 1),
82, 83, and g, as the factors of the control inputs, are non-zero, the virtual (ax) and actual control (ig, ug4, and ug) for the
three subsystems can be proposed as follows:

Subsystem1 = a; = —%gl(ﬂl +600)P, Qg = Z‘é(ﬂz + 6,0,)P,

Subsystem 2 = a, =0, Ug = 2_—;3(,33 +$303)Ps (34)

Subsystem 3 = a; =0, ug = 2‘—;4(/34 + £404)Ps
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DMOt‘ijO’I[“ Broﬁle . (xL, XL) Battery .
(Desired Trajectory*) _l -l(ub’ lb) ( )
w .
a9 H svewm H  vsi pMsM)D] Emia o
Subsystem3 | (u,) abe H — d (x1)
? (ua! Up, uc)
(ig) (ua) : Position
i i i) Detection
. . Lo, Uy L
Subsystem 1 ) Subsystem 2 E (ld’ lq) d-q e Current (Om)
u : abc Measurement
] t
' i
i
X i [ (8,)
(L)ge I : 16, = po,, |—

FIGURE 4 Schematic of the proposed controller for the EMLA.

where for k =1, ... , 4, { follows (28). f is a positive constant, and Py = X, — ax—1, where Xy, as the tracking error, will
be introduced later. As can be observed, virtual control is absent from the second and third subsystems due to their
respective single subsystem order, each maintaining actual control. Meanwhile, ), an adaptive function that can com-
pensate for unknown effects imposed both outside and inside of the system, is introduced for all four sub-subsystems
as follows:

ék = —5k0'kék + %Ck5k|Pk|2 > k=1, ... .4 (35)

where 6, and o are assumed positive parameters. As mentioned earlier, the RDSC has a straightforward form and only
requires simple mathematical equations, which are shown in (34) and (35).

Assumption 3. Assuming, §;(0) > 0, we can establish the following guarantee: for all ¢ > 0, if the system
evolves according to the dynamics that govern 9k(t), then ék(t) > 0.

By defining the adaptation error 8) = Oy — ¢; and inserting it into (35), we have:
2 -1 .
O = =600 + S L Pi|” = Srond; (36)

where ¢ follows (28) to tune the adaptation law and to compensate for the load effect, and uncertainties are
unknown. The implementation of the proposed control approach, illustrated in Figure 3, in the EMLA system,
enables a schematic representation of the RDSC for the EMLA, as observed in Figure 4. After obtaining the desired
trajectories from the motion profile of the EMLA and retrieving the immediate states of the EMLA from the state
detection section, the RDSC generates the necessary command voltages for the PMSM, similar to fig. 1 illustrated by
Chai et al.*

Remark 1. We defined many parameters, although most are considered for the stability analysis and can be
unknown. Thus, only a few parameters will be used in the RDSC, including g, ¢, 6, and o as the control design
parameters, which offer a straightforward control form.

Theorem 1. Regarding the issue of sufficient robustness to force states to track the desired trajectory of the EMLA
with unknown external disturbances and uncertainties, and considering the control input constraints expressed
in (31), we claim that all states provided in all three subsystems by following the RDSC satisfy the tracking process
of the model, and they are uniformly exponentially bounded, as expressed in Definition 2.

Now, we aim to investigate each subsystem via stability analysis and Theorem 1 proof separately, although the methods
for each are highly similar.
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5 | CONTROL STABILITY ANALYSIS

Following the previous section, we can define the four-order NSFF system of the EMLA, according to Figure 2, as
follows:

X1 = g1 + F1(x) + dy
X, = §28(ig) + Fo(x1,%2) + d

. (37)
X3 = g3S(Ug) + F3(x1,%2,X3) + d3
X4 = 84S(ug) + Fa(x1,x2,%3,X4) + dy
In this way, we define the error of tracking (for k = 1, ... ,4) as follows:
J_Ck = Xk — Xdk (38)

where xgi, is the reference trajectory defined in Table 2, such that x5 = X4, X42 = X4, X43 = iz =0, and xgs = S(iy) = ig. We
alter the form of the system to the tracking form, as shown:*

P =X —axq (39)

where a; is a virtual control for the first sub-subsystem (x;) introduced in (37) and ag = a, = a3 = 0. To avoid the "explo-
sion of the complexity”, derived from Wang et al.,”® the time derivative of the virtual control input (a;) is treated as an
uncertain term in the system, according to (26), in which Fy = Fy — d;_. In this way, by knowing g; = 1, differentiating
(39) and inserting (37) and (38) therein, we establish a new form of the system, as follows:

Pl =P2+1?1+a1+d1
Py = g,S(ig) + F> — %4 + d;
Py = g3S(uq) + F3 — iy + ds

P4 = g4S(uq) + ﬁ4 - l:; +dy (40)

Next, a Lyapunov function is suggested as follows:

1 —1;2
i= 5 Amin[PT + 671011 (41)
After differentiating V; and inserting (40), we obtain:
Vi = Py Amin[P2 + F1 + a1 + di] +51_1/1min§1§1 (42)

After conducting simple mathematical work, we obtain:
Vi = AninP1P2 + AminP1F1 + ApinP1dy + AminP1a1 + 5flﬂmin51§1 (43)
By considering (27), we have:
V1 < AminP1P2 + Amin|P11ATFL 4 Amin|P1|dmaxy + AminPr01 + 51_1/1min51§1 (44)
By using the mathematical concept (P; — P,)? > 0, we obtain:

.1 1 ~ -
i < EﬂmmPf + zflmmPi + Amin P1IAIFL + Ain| P1|dmaxy + AminP101 + 87 Amin0101 (45)
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Because A;r; and dqx1) are meant to be finite, we can find positive values for v;, and u;, as follows:

bl PuIAITL € B AP + SR

min
L1

T

[Py |*d?

mmlPlldmax(l) < Vl/1 max(1)

min
Then, by considering the definition of 6} in (28), we achieve:

- 1
,{msz + = /lmmélle*lpll2 + ”1 1;,% + 4V1 + Amlnplal +6” Amtnelel

Now, by inserting a; and d,, we obtain:

" - 1 1 1 A
Vl < }vmmPZ + = /lanCIG |Pl|2 + 4/41 lrf + Z 1 Eiminﬂlpf - Eﬂminglelpf

— Aminc107 + Eimin51|P1| 01 — Aminc10;0:
Because 6, = 8, — 0;:

, 1

1 1 _ 1 p?) 5
< zﬂminpg + Z/"l lrl + Zvl ! ilminﬁlpf — Amino161 — Amino'lgl 01

After dividing Aminaléf into %ﬂmmal 5% + %ﬂmmal 5%, and considering (41), we obtain:

- 1 1 =2 =
-1 V1 + j'mlnPZ 4 11”% + Z 1 - Eimino'lel - jvmingleikel

where

¢ = min[f, 6101]

Then, from (50), we obtain:

1 - 1 - 1 A * Py *
Vi < -1V + /1mmP + 4/"117'% Z‘/l 1 Eﬂminal(gl - 91)2 — Aminc167(601 — 67)

A2 .. . . .
Because —%ﬂmmm 01 < 0, we can eliminate it from the right side to reach:

1

Vi<—¢Vi+ = Amsz n ;lrf+4

1 #
\/1 + Eﬂminalglz

Likewise, the Lyapunov function V; is suggested as follows:

1 _ ~2
Vo=Vi+ 3 [P} + 65" Amin03]

where V; is the Lyapunov function introduced in (41). By differentiating V, and inserting (40), we obtain:

Vy = Vi + Pa[gS(iy) + Fy — g + do] + 85 AinB265

Likewise, we continue by considering (53), inserted into (50) as follows:

_ 1
Vo < —p1Vy + = /1,,,,,,P2 2 11rf+11

+ Pzgzs(lq) + P2F2 - Psz + P2d2 + 52 Amin9202

+ = ﬂmmdﬁ*

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)
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By inserting the control input constraint S(.) defined in (31) into (56), we obtain:
1 _ 1 _ 1 «
Vo < - Vi + /lmmP + 4y11rf Zvl1 + Eflminalf?lz
+ Pzgzﬂz lq + Pzgziz + P2F2 — sz(.:d + P2d2 + 52_1/1””‘"929;2 (57)
Then, by inserting the current-q control i; from (34) into (57):
_ 1
-1 Vi+ = AmznPZ 4 11”% + Z 1 '+ )’mmale* j'Zﬂng
- 5/124‘292P2 + Pzgzﬂz + Pz?z — Py + Prd, + 52_ Amin§2§2 (58)
By considering 6, >0 according to Assumption 3, and because 0 < A,,;, < Ay, We can argue:
2 1 —1 2 1 *2 1 2
V, < -1 Vi+ = AmmP 2 Hyr+ Z n T+ 2 Amm"la Elminﬁzpz
- Eiminézgzpz + Pgyds + PoF, — PoXg + Pody + 05 nind0, (59)
Similar to (46), by knowing (27) and the definition of Amax in (33), We can assume:
PoF, < NP2 L r2
2k < o + 4H2
1 _
P, < V2dmax2 2 Z"zl
.. 1
—Psz < V3Q§P§ 4 31
_ 2 1
PrgrAy < VagAmaxPs + Zv41 (60)
where:
1 1 1
Vo< —piVi+ = )«mmPZ + - Z e+ Z Vlzl + Eﬁminﬁlafz - Eﬂmin ,P;
- Eammgzesz + v4g2/1maxp + ,uzAsz + V3 Q2P2 4 v, 2, P2+ 65 AminB205 (61)
Then, by considering 65 in (28):
1w 1 1 1
Va<—-piVi+ ZZ/‘E% Z v+ Eimmme;‘z _ E/lmmﬂng
k=1 k=1
1 Ap2, 1 wp2 | s—1 5 5
- Ellminé'zezpz + zﬁmingzezpz + 52 Amin9292 (62)
In addition, by inserting 8, from (36) into (62):
_ 1 1
Va < =iV + - ZM '+ 2 + S Amin010;” = = dmin 2P
* ~ 1 ~ I
- Eﬂminégng + Eﬂmingzeng — AminG202 + Eﬂmin§292|P2|2 - imin629292 (63)
where:
_ _ 1 ~2 ~
Va<—p1Vi+ - ZM e+ Z T4 = /1rmn0'149f2 - Eﬂminﬁng — Amin0202 — AminG2050> (64)
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1 ~ A2 . . . .
By dividing —Ammazei and because —%Ammazez < 0, we can eliminate this part from the right side and reach:

2 4 2
. 1 _ 1 _ 1 *
Vy < —aVo+ Zzuklrg + szkl + EZAmmokekz (65)
k=1 k=1 k=1
where:
¢ =min[¢1, fr, 6202] (66)

A third Lyapunov function is thus suggested as follows:
1 _ ~
Vi=Vat s [P? + 55" Aminf3] 67)

All proof steps are the same as the previous one (1), except we consider the reference of state x;3 = i¥ instead of x4, = Xg.

d
In this way, we obtain:

= 1 _
P3F; < y3A§P2+4y31r§

1 4
4—4\/5
—F3lg < Vel 3-l-ZV6

P3d3 < \/5d

max(3)

- 2 1
P3g3/13 < V7g§ﬂ.maxP§ + ZV7 1 (68)

where |ij] < Qs, according to (27). Therefore, as with the previous equations, we generate:

3
_ 1 .
Vs < —¢sV3+ - Zu” Z L S 2 i (69)
k=1

where:

¢3 =min[¢g,, fi, 6303] (70)

Likewise, we can define the fourth Lyapunov function, as follows:
1 _ =2
Va=Vi+ 3 (P2 + 6, Amin0i] (71)

All proof steps are the same as the previous ones (V> and V), except that we consider the reference of state Xq4 = S(ig) = ij.
In this way, we obtain:

P4?4 S A2P2 + 4#;1 2
1

P4d4 < vsdmax(él)PAzl + 4\/_1

- P4l:|1< < Vggipz + ZVQ
1
P4g4/14 < v10g4ﬂmaxP2 4V10 (72)

where |i;| < Q, according to (27). Similar to how (66) was obtained, we can argue:

¢4 =min[gs, f4, 06404] (73)
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Then:
13 L 13
Vi < —daViy + Zzy,;lr,i = sz,;l + EZAminakQ:Z (74)
k=1 k=1 k=1
For brevity, we introduce:
13 L
fiy =5 X Aminoi” + 2 D v, (75)
k=1 k=1

Considering (41), (54), (67), and (71), we know that:

4

4
1 0, g 1 0, g 1 0, g
Vi=Vs+ 3 (P46 dmnll) = Vot D2 (B 48 dminl) = Vit Y= (B2 48, Aminf )
k=2

k=3

4 4
1 152 1 _ ~2 1 _
= 2 Anin (P 4670 ) + X2 (P2 + 6 Aminfi ) = 5 Ao <P§ + Y AP
k=2 k=2
Thus, considering V' = V4, we can argue:
V= %AmmPTlP + %AmméTA‘lé
where:
Py 1 0 0 0 0, 70
-1 N -1
T Y N L I T L1 N U
P 0 0 At 0 05 0 o0
min
P, 0 0 0 At 04 0

min

Thus, according to (74) and (75), we obtain:
1 4
’ -1..2 ~
V< _¢4V+ ZZMk l"k + Hy
k=1
Taken from the general solution for state-space representation, we can establish:

t
V=¢V+ur = V=e"V0)+ / e ur(r)dr
0

Thus, we can solve (79), as follows:

4 t t
V< Ve (400} 4 13 / 90D} 2 T 4 / el=0=D} g
4 k=1

ly l

Considering (77), we can interpret (81) as follows:

+-:E:2

k=1

4 t
IP|I? < 2V (t)e{4:(t-0)} 4 12;4,;1 / el=0=D}2 4T 2 1, ¢!
2k:1 ty

<5}:1 lmirﬁi)

(76)

(77

(78)

(79)

(80)

(81)

(82)
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Because i is a positive constant, we can express:

4
1

1
2 k=1 Mk¢4

<1 (83)

Hence, a continuous function can be assumed as follows:

-1

4

u

Z(1) = %quf—z >0 = [€10,49) (84)
k=1

Notice that the initial amount Z(0) in (84) equals (83). Now, it is obvious to say that there is a positive amount 7 € 1, such
that:

0<Z=Z0<1 (85)
By multiplying e'“~%) by (82), we reach:
4 t
PP < 2V (tg)e 10 4 23 / e MR T + 2f4 (86)
k=1 l

Because 0 < 7 < ¢4, we can eliminate the decreasing element e~(»+~(¢~) from the right side of the inequality in (86):
1¢ ‘
”P”2el(t—t0) < ZV(t()) + 5 Zﬂlzl/t e—(¢4—l)(t—T)riel(t—t0) dT + 2ﬁ4¢;1el(t—t0) (87)
k=1 0

In this way, we can express the continuous and non-decreasing functions E, and Ek:

Eo=sup [IPIPee ™|

ee(t—ty)

Ex = sup [(ri)ei(e_[")] (88)

ee(t—ty)

Then, by considering (87) and (88) and by performing some simple mathematical works, as well as eliminating the
negative section, we achieve:

4 -1
. H
2 i(t—ty) l k
PP < 2Vty) + = 3 ———

E + 2fiy¢; e (89)
park 2Rl

Because Ej, is not decreasing, the left side of (89) will not decrease. Therefore, regarding the definition of E, in (88), we
can establish:

-1

Eo < 2V(to) + %gdzk— i+ 27 (90)
By defining:
E = max (Ey) = k=0,1,2,3,4 (91)
We can obtain:
Ey < 2V(ty) + ZE + 2fiyp; e (92)
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such that 0 < Ey < E and both Ej and E are not decreasing, enabling 2 , as follows:
§>Z, 0<2<1=>ZE5§E0 (93)
Thus, (93) makes sense because yj can be an option to make Z small enough. Adding (93) into (92), we reach:
Eo < 2V(1o) + ZEo(t) + 277 e (94)

Afterward, we obtain:

L Wi+ 2figp; )

0= " (95)
1-Z7
Concerning the definition (88), we obtain:
2V (to)e =) 4 21,7
IP|I* < - . (%6)
1-7
It is significant that:
2V (ty)e~ "¢t 2Vt
sup( (O)e* O>S (Z) 97)
t€fto.e0] 1-Z 1-Z

Thus, based on Definition 2, it is obvious from (96) that ||P|| is uniformly exponentially bounded by using the RDSC
approach in (34), in consideration of the control input constraint defined in (31). Therefore, ||P|| will exhibit uniform
exponential stability inside to a specific ball G (?0), where:

G(70) :=1PIIP| <7 = (98)

6 | NUMERICAL VALIDITY

To validate the effectiveness of the RDSC, we conducted a comprehensive performance analysis using three subsystems,
as described in Figure 2, to simulate the behavior of the EMLA, modeled in Section 2. The analysis was achieved using two
duties with different loads, where the EMLA tracked the same reference trajectories. Furthermore, a data-driven robust
adaptive sliding mode control (DRBC), as described in Reference 46, and a NN adaptive backstepping control (RNABC),
as outlined in Reference 47, were chosen as the standard benchmarks for conducting a comparative analysis of the linear
position and velocity tracking in the same model of the EMLA. Contrary to the RDSC approach, both control algorithms
provided in References 46 and 47 could not achieve uniformly exponential stability. The 22-step algorithm outlines the
procedure for deploying the RDSC control. It offers both a concise overview and detailed, step-by-step instructions for
the EMLA system, according to the specifications mentioned in Tables 1 and 2 (Algorithm 1).

During this analysis, uncertainties, which are assumed unknown, were considered in the EMLA subsystem, according
to the specifications provided in Table 2, as follows:

Fi =fi, Fo = Iz (begxz + kegx)) +fo = fi =0, fo =2(5+0.1 cos(0.5xt)) Arctan(900¢)

_RS Lq ok :
Fi=—x3+ PCRLL—I('IXZ +f; = f; =-0.1sin(0.5x¢)
d

Lq
—R L

F, = SX4 - PCRL—dX3x2 - PCRLII/P;MXZ +f4 = f4 = 0.3 cos(0.5xt) (99)
Lq Lq Lq
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Algorithm 1. RDSC approach to the EMLA

Input: system states x; = Xz, X, = X, X3 = ig, and x; = ig,
and the linear position reference x4
Output: d-voltage S(uq) and g-voltage S(ug)
1 Decompose X into x1, X3, X3, X3.
» Assumeay=a, =az =0.
s Resolve the backstepping loop:
4 Fork=1:4do

s X = Xk — Xdk;

6 P =X, — a1

7 O = —601 Ok + §§k5k|Pk|2;
8 If k =1 then

s ag = _é(ﬂk + 8DoPi
10 If k = 2 then

u iqg = _;?z(ﬁk + &Py
1 obtain S(iy) from (31);
13 If kK = 3 then

14 Ug = _ﬁ(ﬁk + CBPi;
15 obtain S(uy) from (31);
16 Else then

1 Ug = —T;(ﬂk + 8bPi
18 obtain S(u,) from (31);
19 end

20 end

2 Provide S(ug) and S(uy) to the system (22) and (23).
» Repeat the steps from step 3 onward.

In addition, we considered the external disturbances affected by integrating loads into all three subsystems, as follows:

di =0, d;=fy,F;
d; =2 sin<37rt+ %)

ds = rand(2) — 0.3 (100)

The load force, denoted by Fy, refers to the force required by the actuator to move the load in the desired direction,
considering the load’s weight and friction. The weight and distribution of the load are critical to determining the load force
required, where a heavier load with an uneven distribution will require a higher load force compared to a lighter, more
evenly distributed load. To evaluate the effectiveness of our RDSC design for EMLAs, we conducted two different duties
involving loading and unloading procedures with various nonlinear load forces, which are supposed to be unknown.
These duties included forward and backward motions to represent different movements, which tested the RDSC’s capacity
to control the EMLA. Our analysis focused on assessing the performance of the RDSC under different load conditions,
motion types, and undesired forces, the results of which will provide valuable insights into the EMLA’s effectiveness for
practical applications.

Figure 5 illustrates the goal trajectories of the EMLA modeled during both duty phases. The actuator is designed to
move linearly forward from its initial position, as indicated by the blue line, until it reaches a point 100 cm away from
the starting point in the first step. In the second step, the actuator returns halfway to its previous position, stopping at
a point 50 cm from the starting point, as demonstrated by the green line. The actuator then moves forward again in the
third step, following the red line, until it reaches a point 100 cm from the starting point. In the final and fourth step, the
actuator returns to its original starting position, following the orange line.

Further, Table 3 presents information on the parameters used in the control design and on the saturation levels applied
to both the current and voltage control inputs, which were kept constant across both duties. As Table 1 shows, the upper
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FIGURE 5 EMLA trajectories for both duty cycles (blue line: step 1, green line: step 2, red line: step 3, orange line: step 4).

TABLE 3 Control design parameters.

RDSC parameters

Br. Ba. Bs. Pa
1,862,853, 84
01, 62, 63,64
01,03,03,04
L7,

U

udm, qummc

udmin’ uqmin

DRBC* parameters
K,

K

0,k

m

Hp

n,L

A

£

RNABC* parameters

C1,C
m

M2, M3, M4, 15
04

FIGURE 6 EMLA duty 1.
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FIGURE 7 Loads: (A)duty1, (B) duty 2.

and lower limits for the motor current, i; _and iy ,aresetto 7.9 A and —7.9 A, respectively. In addition, based on the
motor’s specifications, the acceptable maximum and minimum voltage limits are set to 380 V for u, _and uy,  and to
—380 V for ug,, and ug , . It should be emphasized that the design control parameters for the RDSC of the EMLA are
limited to only four, namely, g, , §, and . These few parameters contribute to the simplicity of the control process for
the entire EMLA system, and the equations are essential to the design of the RSDC situated within boxes for convenient
reference, including (31), (34), and (35). During duty cycles 1 and 2, we introduced a variety of loads to evaluate the
performance of the RDSC in the presence of heavy and nonlinear loads, as well as to assess its robustness against unknown
forces acting as uncertainties and disturbances, as defined in (99) to (100).

6.1 | Dutycyclel

In this duty, we considered two distinct load types (load 11 and load 12), as illustrated in Figures 6 and 7A, and the
equations in (101):

Load 11: F; = 1000 [0.1sin(5t) + 80]
Load 12: F; = 500 [0.1sin(5t) + 80] (101)

In this duty, we considered significantly heavy and constant loads (80 and 40 kN), accompanied by a nonlinear component
represented by a sine function to enable an uneven load distribution. Notably, the amplitude of Load 11 is twice that of
Load 12. Based on the information provided, it can be observed that the loading and unloading times for duty 1, as well as
the time spent tracking the trajectory, are as follows: at 145 s into the duty, Load 11 is applied to the EMLA at a position of
100 cm. The load is then unloaded at 320 s, when the EMLA has moved to a position of 50 cm (green line step). Then, at
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420 s, Load 12 is retrieved by the EMLA at a position of 100 cm, and the load is then transported to its origin, arriving at
600 s, where it is subsequently unloaded (orange line step).

6.2 | Dutycycle 2

In this duty, we introduced a wider range of loads, while maintaining the same tracking process, control parameters, and
unknown uncertainties as in the previous duty. As illustrated in (102) and Figure 7B, it is apparent that the amplitude of
the constant component and frequency of the sine function of the loads are lower than on the previous duty, while the
number of loading and unloading operations is higher. In addition, the constant load component for the present duty is
comparatively lighter than that of the previous duty, with magnitudes of 72, 24, and 36 kN as the constant parts:

Load 21: F; = 1,000 [0.1sin(3t) + 72]
Load 22: F; = 333.33 [0.1sin(3t) + 72]

Load 23: F; = 500 [0.1sin(3f) + 72]

Load 24: F; = 1,000 [0.1sin(3t) + 72] (102)

The loading and unloading positions can be observed in Figures 7B and 8. In contrast to duty 1, where the EMLA only
carried loads during its backward movement, this duty includes additional loading tasks for transporting Load 21 and
Load 23 forward. Moreover, the EMLA carries Load 22 and Load 24 during its return movement. It is noteworthy that
Load 21 and Load 24 are the heaviest among those considered in this duty, while Load 22 has a third of their amplitude and
Load 23 has half of their amplitude. Therefore, in this duty and according to Figures 7B and 8, the EMLA is responsible
for carrying four loads, namely, Load 21, Load 22, Load 23, and Load 24. The EMLA carries Load 21 from the original
position, 50 s after initiating the duty. It then disposes of Load 21 at a position 100 cm from the starting point, at 150 s
into the duty.

After unloading Load 21, the EMLA carries Load 22 to the same position and disposes of it at a distance of 50 cm from
its origin, at 310 s into the duty. Subsequently, at 350 s into the duty, the EMLA carries Load 23 to the same position and
disposes of it 100 cm from the initial point using a forward motion approach at 450 s into the duty. Finally, the EMLA
carries Load 24 at 510 s into the duty and disposes of it at the original point using a feedback motion approach. It is
noteworthy that the duration of rest during duty 2 is slightly longer than that during duty 1 at the 50 cm position, due

Unloading

Load 23

Unlogding

Load 23

Load 21

I 7

Y
L4

25 cm 50 cm 75 cm 100 cm

Load 22
¥ Load 22
Unloading Hoadi

anding

Loading

FIGURE 8 EMLA duty2.
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FIGURE 9 Duty 1: Position tracking performance (x;,x,): (A) large scale, (B) close comparison for 140 < t < 155, (C) close comparison
for 270 < t < 375.

to the increased loading and unloading responsibilities. Similarly, the final step of loading and unloading in duty 2 takes
longer than in duty 1, also due to the increased responsibilities. Therefore, it can be observed that for duty 2, the maximum
load considered is 10% lighter than for duty 1, even though the number of loading and unloading duties doubled.

Furthermore, the loading and unloading process is faster than in the previous duty, as depicted in Figure 7. All these
variations have been examined to assess the performance of RDSC for the EMLA under different conditions.

6.3 | RDSC results for both duties

Figure 9 illustrates the performance of the RDSC in tracking the reference position of the EMLA in duty 1, with the
results signifying its superiority to the other algorithms in close scale, in the presence of load effects and uncertainties.
Specifically, the true position state x; performs accurate and fast tracking of the reference value x;; = x4, and the figure
indicates that the tracking error accuracy is approximately 2 x 10~ cm when the EMLA is unloaded, while the error
increases to 4 x 10~ cm when the EMLA is loaded. Notably, when the EMLA is not loaded and there is a consistency in
position, the tracking error is 2 x 1078, Thus, the error of 2 X 10~ occurs only at the moment of stopping in a new position.

Similar to duty 1, Figure 10 demonstrates the tracking performance of the RDSC for EMLA in duty 2. It is evident from
the results that the tracking performance is also exceptional in duty 2, even in the presence of more variable load effects
and the same uncertainties. The figure indicates that the tracking error accuracy of the RDSC is approximately 2 x 1073
cm when the EMLA is not loaded, while it increases to 3 X 1073 cm when the EMLA is loaded, outperforming the others.

Notably, when the EMLA is not loaded and there is no change in position, before 45 s and after 625 s in Figure 10,
the tracking error is similar, at 2 X 1078, even in the presence of uncertainties. Likewise, the error of 2 x 1073 occurs only
during the stopping moment. As shown in Figures 9 and 10, the accuracy of position tracking using all three control
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Position tracking performance (m)
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FIGURE 10 Duty 2: Position tracking performance (x;,x,): (A) large scale, (B) close comparison for 148 < t < 160, (C) close
comparison for 270 < t < 435.

algorithms with loads is superior in duty 2 to that in duty 1, a sensible result considering that in duty 2, although the
number of loads is greater, their magnitudes were lower than those in duty 1.

Figure 11 displays the performance of linear velocity tracking using the RDSC in duty 1. The figure illustrates pulses
in the real velocity when the load status changes as well as that most of the pulses correspond to the changing statuses
of load tasks. Using the RDSC approach, the error in the reference velocity tracking is approximately 3 x 107> m/s, and
the tracking speed in this duty is about 0.1 s. Similar to duty 1, Figure 12 demonstrates the performance of linear velocity
tracking using the RDSC in duty 2 as well as that the pulses remain in real velocity when the load status changes. The
figure illustrates that most of the pulses correspond to changes in the statuses of load tasks, as in the previous duty. Using
the RDSC approach, the error in reference velocity tracking is approximately 2.5 x 10~ m/s, and the tracking speed in
this duty is about 0.07 s. In both duties, the results of velocity tracking using the RDSC approach are superior to those of
the other algorithms.

It is worth noting that the number of velocity pulses in duty 2 is greater than that in duty 1, which can be attributed
to the higher number of loading tasks in duty 2. In Figure 13, which pertains to duty 1, the real and saturated values of i,
and u, are designated by red and blue lines, respectively, confirming the capacity of the RDSC under input constraints.
Furthermore, according to the second subsystem, i; is expected to track zero, which is achieved with an accuracy of
0.45 A. The highest pulse in iy is observed when loading of Load 11 at 145 s. In addition, the value of uy is maintained
below 30 V to force iy to track zero. Similar to duty 1, Figure 14, pertaining to duty 2, depicts the actual and saturated
values for iy and u, respectively, represented by red and blue lines, which serve to confirm the RDSC’s capability under
input constraints.

Moreover, as per the second subsystem’s requirement, iy is expected to track zero, which is achieved with an accuracy
0f 0.2 A. The highest pulse in iy is attributed to Load 24 at the time of loading, which occurs at 510 s. In addition, the value
of u,4 is maintained below 20 V to force iy to track zero. Due to the higher frequency of load changes in duty 2, there are
more variations and spikes in currents and voltages.
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FIGURE 11 Duty 1: Velocity tracking performance (x,, x4, = X4): (A) large scale, (B) close comparison for 130.31 < ¢t < 130.4, (C) close

comparison for 365 < t < 367.
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comparison for 409.5 < t < 418.5.

Duty 2: Velocity tracking performance (x;, x4, = X4): (A) large scale, (B) close comparison for 199.99 < ¢ < 200.1, (C) close
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FIGURE 14 Duty 2: Currents and voltages.
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FIGURE 15 Duties 1,2: Torques, (A) large scale, (B) closer scale for 95 < t < 141.

TABLE 4 Position tracking x; for duty cycle 1.

Convergence quality

Scenarios Error (cm) Speed (s)
RDSC 4x1073 0.07

[45] 6x1073 0.09

[46] 1x1072 13

Figure 15 presents a comparison of the torques produced in both duties. According to (6), because the model-based
EMLA’s produced torque is dependent on the i; value and because i, is constrained to a range of —7.9 A to 7.9 A,
the maximum torque value for both duties is consistent and identical, that is, 12.7 N.m. However, due to the longer
duration required by the EMLA to carry the loads in duty 2, the torque associated with this duty is greater than that
in duty 1. Furthermore, the start and finish times of the produced torque in both are identical because of the same
moving tasks.

In summary, Tables 4,5,6, and 7 provide an overview of the accuracy and speed control performance of the RSDC
approach compared with References 46 and 47 in controlling the modeled EMLA to follow the desired trajectories in
both duties. They demonstrate that the performance of the control system proposed in this paper, including the errors
in position and velocity tracking, as well as the convergence speeds in both duty cycles, is superior. This observation is
substantiated by the exponential rate of stability exhibited by the RDSC. As previously mentioned, the control position
accuracy in duty 2 outperforms that in duty 1 due to the lighter loads involved. Furthermore, the speed of position conver-
gence in both duties is relatively similar and fast. This also holds true for the error convergence when tracking reference
velocity using the RDSC, although the control velocity in duty 2 exhibits a slightly better performance when compared to
the first duty. In essence, these findings indicate that the RSDC system effectively controls the EMLA in both duties with
good accuracy and speed control performance.
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TABLE 5 Velocity tracking x, for duty cycle 1.

Convergence quality

Scenarios Error (m/s) Speed (s)
RDSC 3x107° 0.1

[45] 2% 107 0.15

[46] 6x 10~ 0.31

TABLE 6 Position tracking x; for duty cycle 2.

Convergence quality

Scenarios Error (cm) Speed (s)
RDSC 3x1073 0.07
[45] 4%x1073 0.08
[46] 7%x1073 0.85

TABLE 7 Velocity tracking x, for duty cycle 2.

Convergence quality

Scenarios Error (m/s) Speed (s)
RDSC 2.5%1073 0.07

[45] 8 x 1075 0.09

[46] 2x 1074 0.1

7 | CONCLUSION

The research findings demonstrated the EMLA system’s capacity to generate all necessary state variables, including
torques acting on the motor and load side, to achieve the prescribed dynamics. It also included a thorough analysis and
control of the EMLA, demonstrating how it can be structured and understood using a robust adaptive backstepping
control in a four-order NSFF, which has rarely been applied before for EMLAs facing input constraints, external dis-
turbances, and uncertainties. In other words, we presented and developed a robust control approach called the RDSC
for a complex EMLA system with multi-stage gearing driven by a PMSM in three subsystems that was capable of
tracking reference linear trajectories with uniformly exponential stability, without requiring knowledge of uncertain
parameters and functional load conditions. In addition, to enable analytic computations and prevent the "complex-
ity explosion” associated with the backstepping concept, the RDSC treated the time derivative of the virtual control
input as an uncertainty term. Our findings demonstrated the potential of the RDSC for use with the EMLA in NSFFs,
and they provided a straightforward form of control for future research in this area. One potential avenue for future
research is the exploration of the extension of the proposed RDSC approach to other types of actuators, such as pneu-
matic cylinders or hydraulic systems. By expanding the applicability of the RDSC approach to various fields and
industries, new avenues for its implementation can be opened. Another interesting direction for future research is
the integration of the RDSC approach into compatible machine-learning techniques to enhance the performance of
EMLAs in NSFFs.
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