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Abstract— This paper introduces an innovative observer-based
modular control strategy in a class of n,-degree-of-freedom (DoF)
fully electrified heavy-duty robotic manipulators (HDRMs) to
1) guarantee robustness in the presence of uncertainties and
disturbances, 2) address the complexities arising from several
interacting mechanisms, 3) ensure uniformly exponential sta-
bility, and 4) enhance overall control performance. To begin,
the dynamic model of HDRM actuation systems, which exploits
the synergy between cleantech electromechanical linear actuators
(EMLAs) and permanent magnet synchronous motors (PMSMs),
is investigated. In addition, the reference trajectories of each joint
are computed based on direct collocation with B-spline curves
to extract the key kinematic and dynamic quantities of HDRMs.
To guarantee robust tracking of the computed trajectories by
the actual motion states, a novel control methodology, called
robust subsystem-based adaptive (RSBA) control, is enhanced
through an adaptive state observer. The RSBA control addresses
inaccuracies inherent in motion, including modeling errors,
non-triangular uncertainties, and both torque and voltage dis-
turbances, to which the EMLA-driven HDRM is susceptible.
Furthermore, this approach is presented in a unified generic
equation format for all subsystems to mitigate the complexities
of the overall control system. By applying the RSBA architecture,
the uniformly exponential stability of the EMLA-driven HDRM
is proven based on the Lyapunov stability theory. The proposed
RSBA control performance is validated through simulations and
experiments of the scrutinized PMSM-powered EMLA-actuated
mechanisms.

Note to Practitioners—Following strict global regulations, such
as the 2015 Paris Agreement, there has been significant attention
paid to the electrification trend. In this regard, the advancement
of zero-emission electromechanical linear actuator technology
has played a substantial role in developing fully electrified
HDRMs. However, these systems are highly nonlinear and
complex, comprising several interacting components, such as
electric motors, reduction gearboxes, screw mechanisms, and
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load-bearing structures. Each of these components is prone to
adverse effects arising from inaccuracies in modeling equations,
sensor readings, and torque or voltage disturbances. As a result,
achieving high-performance control presents significant chal-
lenges for engineers and necessitates computationally intensive
approaches in practice. This paper presents a subsystem-based
approach, enhanced by a robust state observer, to 1) miti-
gate the impact of uncertainties and disturbances substantially,
2) alleviate the computational burden and complexity of the
targeted system, 3) prove mathematical stability, and 4) offer
highly accurate and fast tracking performance. The pro-
posed approach employs the dynamic motion of the studied
EMLA-actuated HDRM, decomposing it into distinct subsystems
and introducing a unified generic equation control for all sub-
systems. This modularity feature paves the way for researchers
to extend the proposed approach to address other intricate
applications.

Index Terms— Adaptive control, electromechanical linear actu-
ators, energy conversions, heavy-duty robotic manipulators,
robust control.

LIST OF SYMBOLS

The below list presents several symbols that will be used
within the body of the paper.

Electromechanical Linear Actuator Parameters
W Electric motor angular velocity (rad/s).

wgp Gearbox angular velocity (rad/s).
dmax ~ Maximum linear acceleration (m/ 52).
Bps  Screw mechanism viscous friction (N -s/m).

B, Electric motor viscous friction (N - m - s/rad).

Fo Continuous force at zero speed (kN).

F, Continuous force at maximum speed (kN).
Fpo  Peak force at zero speed (kN).

F, Peak force at maximum speed (kN).

in Rated current of electric motor (A).

isp.c Three-phase motor currents (A).

J. Coupling inertia (kg - m?).

Gearbox mechanism inertia (kg . mz).
I Electric motor inertia (kg . mz).
Screw mechanism mass (kg).
ny Rated speed of the electric motor (rpm).
Py Rated power of electric motor (kW).
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Switch commands of three-phase inverter.
Rated voltage of electric motor (V).
Three-phase motor voltages (V).

Maximum linear velocity (m/s).

Linear acceleration of screw (m/ 52).

Linear velocity of screw (m/s).

Gearbox efficiency.

Permanent magnet flux linkage (Wb).
Inverse gearbox ratio.

Electromagnetic torque of electric motor (N - m).
Rated torque of electric motor (N - m).
Gearbox torque (N - m).

Maximum torque of electric motor (N - m).
Equivalent mass at the load side (kg).
Equivalent damping of EMLA (N - s/m).
Equivalent stiffness of EMLA (N/m).
Screw diameter (m).

Load to torque conversion ratio.

Load force (N).

Applied load force of EMLA (N).

Stiffness of motor shaft coupling (N - m/rad).
Stiffness of gearbox connection (N - m/rad).
Stiffness of screw mechanism (N - m/rad).
Thrust bearing stiffness (N/um).

Stiffness of screw mechanism linear units (N/um).

Ball nut stiffness (N/um).

Screw ( compression) stiffness (N/um).
Thrust tube stiffness (N/um).

Screw lead (m).

Rated inductance of electric motor (mH).
Electric motor inductance in d-axis (mH).
Electric motor inductance in g-axis (mH).
Number of motor pole pairs.

Electric motor stator resistance (£2).
Input vector of an EMLA mechanism.
State vector of an EMLA mechanism.
Linear position of screw (m).
Analog-to-digital converter.

HDRM Parameters

B(t), B(t) First and second time derivatives of basis
function of the B-spline.

q.q First and second time derivatives of
configuration vector.

q(t,c) Configuration vector.

arif; Acceleration in lift joint of the manipulator
(m/ 52).

are Acceleration in telescope joint of the
manipulator (m/s 2).

arii Acceleration in tilt joint of the manipulator
(m/ 52).

B(t) Basis function of the B-spline.

c Control points.

Viifs Velocity in lift joint of the manipulator (m/s).

V7ol Velocity in telescope joint of the

manipulator (m/s).
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frs
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qs
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Vg
VLB
Vs

VuB

Velocity in tilt joint of the manipulator (m/s).
Position in lift joint of the manipulator (m/s).
Position in telescope joint of the

manipulator (m/s).

Velocity in tilt joint of the manipulator (m/s).
Position in lift joint of the manipulator (m/s).
Position in telescope joint of the

manipulator (m/s).

Position in tilt joint of the manipulator (m/s).
Manipulator end-effector position vector.
Manipulator robot workspace.

Manipulator number of degrees of freedom.
Final time (s) if 7p = 0.

Maximum allowed time to accomplish the
task (s).

Force in lift joint of the manipulator (kN).
Force in telescope joint of the

manipulator (kN).

Force in tilt joint of the manipulator (kN).
Lower bound force vector of joints (kN).
Upper bound force vector of joints (kN).
Configuration vector of joints at ending

point (rad).

Lower bound configuration of joints (rad).
Configuration vector of joints at starting
point (rad).

Upper bound configuration of joints (rad).
Velocity vector of joints at ending point (rad/s).
Lower bound velocity vector of joints (m/s).
Velocity vector of joints at starting

point (rad/s).

Upper bound velocity vector of joints (m/s).

Robust Subsystem-Based Adaptive Control Parameters

2R ™Y
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SR 8K
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Tracking uncertainties comprising F; and F}".
Positive constant.

Feedback gain matrix for the observer.

Hurwitz matrix.

Vector of motion states (position x; and
velocity xj).

Vector of the estimated position and velocity states.
State matrix in the state-space representation.
Input matrix in the state-space representation.
Output matrix in the state-space representation.
Known vector specifying modeling parameters.
Unknown vector specifying nonlinearities.
Positive definite matrix.

Positive definite matrix.

Control input vector in the state representation.
Reference vector of the system in tracking tasks.
Vector of the EMLA states (xi, X3, X3, and x4).
Error vector of the estimated states.

Positive constant.

Control adaptation law.

Unknown positive parameter.

Unknown positive constant.

Unknown positive constant.
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Q; Magnitude bound of x;,.

oM Unknown positive parameter.

i Unknown positive constant.

o; Positive constant.

o; Error of the control adaptation law.

g Positive constant.

d; Disturbances with uncertain magnitudes and
timings.

dmax@y ~Magnitude bound of disturbance in i th subsystem.

f Finite, positive, and continuous function.

Fr Derivative of the virtual position control a;.

F; Unknown non-triangular uncertainties.

g Known functions of the EMLA modeling system.

i Number of subsystems in each EMLA ranging
from 1 to 4.

k EMLA-actuated joint number ranging from
1 to ny,.

Pmin Minimum eigenvalue of p.

u; Control signals.

X1 Linear position state of the EMLA (m).

X Linear velocity state of the EMLA (m/s).

X3 g-axis current state of the PMSM (A).

X4 d-axis current state of the PMSM (A).

id Reference trajectory of the state x;.

&=

n Error of the observer adaptation law.
y Error of the estimated sensor output.
12 Positive constant.
n Observer adaptation law.
y Estimated sensor output.
a Virtual position control signal.
A; Coefficient of the control signal.
H Positive and continuous function.
m Positive and continuous function.
P; Transformation of space-state into tracking form.
y System output of motion information.
n* Unknown parameter for the observer
adaptation law.
o; Unknown parameter for the control adaptation law.

I. INTRODUCTION
A. Background Context

RIVEN by the urgent need to mitigate climate change,

automation systems are undergoing a rapid evolution.
The undeniable impact of greenhouse gas emissions has
spurred international agreements, such as the 2015 Paris
Agreement for CO, reduction, underscoring the importance of
various industries transitioning to clean energy [1]. The push
for decarbonization, alongside battery and charging infras-
tructure advancements, profoundly impacts various sectors,
exemplified by the surge in zero-emission battery electric vehi-
cle (BEV) development [2], [3], [4]. Extending the concept of
BEVs into the working machinery, this industry is witnessing
the rise of a new class of electric vehicles, called electrified
mobile manipulators (MMs). Traditionally, electro-hydraulic
actuators (EHA) have been commonly used as the actuation
mechanism for MMs, yet they pose challenges, such as energy
inefficiency and leakage [5]. However, the development of
electromechanical linear actuators (EMLAS) has significantly
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Fig. 1. Tllustration of comparative key performance factors influencing EHAs
and EMLAs.

contributed to the electrification of MMs, offering enhanced
mobility, efficiency, and safety, while decreasing maintenance
requirements [6]. These electrified MMs are mobile platforms
on which electrified manipulators are mounted, expanding
their application across diverse sectors, including manufac-
turing, logistics, agriculture, and even search and rescue
operations [7].

1) Introduction to the EMLA Mechanism: EMLAs are con-
tributing to a growing trend of electrification in MMs, offering
an alternative to traditional EHAs with several advantages. For
a better understanding, the graphical representation depicted in
Fig. 1 provides a comparative visualization of factors influenc-
ing the performance of both EHAs and EMLAS, encompassing
such considerations as efficiency, force range, and motion
controllability. By converting electrical energy into mechan-
ical linear motion more efficientlyy, EMLAs significantly
reduce overall energy consumption, a critical consideration
for MMs [8]. Moreover, their streamlined design, with fewer
moving parts, results in reduced maintenance requirements
compared to EHAs, mitigating issues such as oil leakages,
which are commonly associated with traditional hydraulic
systems [9]. The composition of EMLAs typically includes an
electric motor, a reduction gearbox, a screw mechanism, and
load-bearing components [10], [11], [12]. Within this structure,
the motor serves as the source of rotational power, while
the lead/ball/roller screw converts this rotational movement
into linear motion [13]. One of the defining features of
EMLAS lies in their integration with sensors and sophisticated
electronic systems, enabling precise control of EMLAs that
improves MMs’ performance in tasks requiring accuracy. [14],
[15]. What is more, permanent magnet synchronous motors
(PMSMs) are favored for integration within EMLASs due to
their exceptional efficiency, noteworthy torque density [16],
[17], and low cogging torque [18]. Overall, the aforemen-
tioned features make EMLAs a well-suited choice for the
energy-conscious design of MMs due to their limited battery
storage [19], [20].

B. Literature Review and Control Challenges

Based on our data collected from querying Google Scholar
and other academic databases using the keywords ‘PMSM’
and ‘actuator, we noted with interest that over the past four
years, the number of studies published on PMSM-powered
actuators has been more than five times greater than that
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published over the 10 years from 2000 to 2010, 98% of
which emphasized ‘control.” This high growth in academic and
industrial interest invites further investigation into the factors
driving this increased research focus, such as technological
advancements, greater funding availability, and a heightened
industrial and academic focus on electrification technologies.
Basically, the PMSMS-driven EMLA control framework is
divided into two main interconnected levels. The outer level
is responsible for the motion dynamics of the EMLA and cal-
culating the required torque/current of the motor to ensure the
linear actuator’s position or velocity aligns with the reference
values. The inner level converts electrical energy to mechanical
energy in the servomechanism and adjusts the sufficient motor
voltage signal to generate the required torque/current motor,
as determined by the outer level [21], [22]. In response to
the increasing demand for high-performance control solu-
tions to address myriad application-based tasks across diverse
PMSM-driven actuator systems, various control strategies have
been developed and implemented in various industries. Assum-
ing the use of proportional-integral (PI) control at the inner
level, researchers have commonly overlooked the nonlinearity
between the motor voltage and current at the inner level
and focused solely on outer-level control. For instance, [23]
employed a genetic algorithm to optimize the coefficients of
the traditional proportional-integral-derivative (PID) control
solely for the outer level of the studied PMSM-powered
actuator. Similarly, [24] addressed the robustness of the sole
outer-level control of the application by developing an adap-
tive PID-type sliding mode control. Following the discussion
on robustness, [25] proposed a robust control method that
addresses the compensation for active nonlinear uncertainties
in motion dynamic control, while similarly utilizing tradi-
tional PI control at the inner level. In addition, it assumed
that the angular velocity of the PMSM is exactly equal to
the derivative of the angular position, without considering
sensor inaccuracies. Reference [26] advanced the field by
addressing both inner and outer level control for electric
motors. It introduced a neural network voltage compensator to
address aperiodic harmonic disturbances while guaranteeing
Lyapunov stability. However, PMSM-powered EMLAs are
coupled using complex multi-stage gearboxes and ball screw
systems, introducing more intense nonlinearity at both the
inner and outer system levels. Accordingly, sensor inaccura-
cies, along with disturbances in torque and voltage in EMLAs,
are further complicated by the conversion of rotational motion
to linear motion, necessitating advances in robustness and sta-
bility. In addition, the PMSM-powered EMLA under study is
intended to actuate each joint of a n,-degree-of-freedom (DoF)
fully electrified heavy-duty robotic manipulator (HDRM),
which further intensifies the uncertainties and nonlinearities.
In other words, the electrified HDRM is equipped with mul-
tiple PMSM-powered EMLAs, each responsible for driving a
high-load-bearing joint or segment of the manipulator. These
operate in environments characterized by uncertainties and
unknown forces from diverse sources, which affect perfor-
mance in Cartesian space. Consequently, designing such a
control solution for these mechanisms poses significant chal-
lenges, the primary of which are as follows:

1) Sensor Inaccuracies: Position sensors are integral com-
ponents of motion control systems and are commonly
employed in inverter-driven PMSMs [27]. However, these
sensors are vulnerable to environmental factors, such as tem-
perature, workplace contamination, external magnetic fields,
mechanical shocks, and humidity, which impact their accuracy
and cause noises on the received signal [28]. Hence, deriving
the position signal to obtain the actual velocity value for the
control feedback is impractical, as this intensifies the noise
effects. Although the velocity can be estimated through the
Euler approximation method, this technique exhibits limited
resolution, particularly when applied in scenarios involving
low-speed operations [29]. In addition, the provision of veloc-
ity sensors for the multiple EMLA-actuated joints of the
HDRM mechanism can significantly increase the total cost,
as well as the vulnerability to environmental factors, while
also reducing reliability.

2) Existence of Non-Triangular Uncertainties: In contrast
to triangular uncertainty structures, as explored in [30], [31],
[32], [33], and [34], non-triangular uncertainty structures
suggest uncertainties that could potentially be influenced
by all states within the control system. These structures
require a thorough exploration of a broader range of depen-
dencies and interactions among system states [35], [36].
In this context, modeling equations from both levels gov-
erning PMSM-powered EMLAs incorporates interacting terms
dependent on all system states [21]. Therefore, modeling the
inaccuracies of such mechanisms could lead to uncertainties
being structured into non-triangular forms. To avoid this lim-
itation, numerous PMSM control studies rely on simplifying
assumptions that may not be valid in all industrial applications,
particularly HDRMs, which are actuated by several EMLAs.
For instance, certain investigations, as exemplified by [37]
and [38], assume that the d-axis current of a PMSM precisely
equals zero (iy = 0). This assumption allows them to achieve a
triangular structure in dynamic equations by eliminating terms
associated with i;. However, if i; deviates from zero, these
terms bring non-triangular uncertainties that impact control
performance.

3) Influence of Time-Varying Disturbances: The control
system of the inner level system, inverter-driven PMSM,
is vulnerable to external disturbances, consequently degrading
the overall control efficacy of EMLA-actuated joints in the
task execution of the HDRM. Distinguished disturbances are
itemized as follows:

« Torque disturbance: This type of disturbance originates
from flux harmonics within the PMSM, resulting from the
non-sinusoidal flux density distribution in the airgap [39].

« Voltage disturbance: This disturbance arises from fluc-
tuations or anomalies in the electrical supply and the
switching action of the inverter, employed to convert DC
to AC power for the PMSM [40].

4) Management of System Interactions: Formulating a
control design to manage the complex dynamics of a
PMSM-powered, EMLA-driven n,-DoF HDRM mechanism
constitutes a formidable task, as it consists of multiple cou-
pling mechanical components. Concurrently, any alterations to
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the dynamics of the mechanism often necessitate a comprehen-
sive redesign of the control system. Subsequently, effectively
managing the interactions between various components to
ensure the stability and high performance of the overall sys-
tem, while mitigating the burden of control system redesigns
in response to dynamic changes, poses a significant challenge.

C. Paper Contributions and Organization

In Section I-B, we highlight the control challenges of
HDRMs due to the incorporation of multiple joints actuated by
EMLAs. To address these intricate issues effectively, this paper
proposes a novel strategy termed robust subsystem-based
adaptive (RSBA) control. The key findings of this research
are as follows:

« This study establishes a comprehensive, dynamic model
of a PMSM-powered EMLA to capture the intricacies of
the mechanism’s motion. Afterward, reference trajecto-
ries for individual joints of the HDRM are determined
through direct collocation with B-spline curves to define
a control task. This modeling framework ultimately lays
the groundwork for designing effective control.

o Contrary to the motion state observers for
PMSM-powered applications presented in [41], [42],
and [43], which estimated the true values of the angular
position and velocity of the motor, this paper proposes
a robust adaptive state observer to estimate accurately
the linear position and velocity states at the load side of
EMLAs, which are coupled via a complex multi-stage
gearbox and ball screw systems with the motor, thus
compensating for all possible measurement inaccuracies
in different stages. In addition, the parameter settings
of the proposed observer are investigated, focusing
on balancing the trade-off between robustness and
responsiveness.

« The assured robustness of the proposed control guarantees
its effectiveness in addressing non-triangular uncertainties
and both torque and voltage disturbances in the EMLA-
actuated HDRM.

o« The proposed approach demonstrates modularity,
enabling the design of control for HDRM joints using
a single generic equation form. This ensures that joint
dynamics’ modifications, additions, or removals do not
affect the control laws governing the remaining system.
This modular characteristic offers the opportunity to
extend the proposed approach further to address diverse
and complex applications beyond its initial scope.

o The term “stability connector,” which was introduced
in [34], is designed to capture triangular dynamic inter-
actions between subsystems that effectively offset the
instability of the system to achieve asymptotic sta-
bility. Expanding upon this concept, we advance its
application to EMLA-actuated HDRMs, accommodating
non-triangular uncertainties and leading to exponentially
stable analysis of the entire system.

« The proposed control strategy offers accurate and fast
convergence of states toward the reference trajectories
while reducing the torque effort. For the sake of com-
parison, we analyzed the proposed control performance

with recent studies [38], [44] through simulations and
experiments.

The remainder of the paper is structured as follows:

1) Section II: This section provides an in-depth exploration
of modeling an EMLA-driven HDRM, establishing the foun-
dation for subsequent analysis and control:

« Part II-A outlines the modeling of motion dynamics for
an EMLA to convert electrical into mechanical power.

« Part II-B investigates a trajectory generation approach for
the HDRM, defining a control task through the utilization
of the direct collocation with the B-spline curves method.

2) Section III: This section elaborates on the design of the
RSBA control. This strategy decomposes the control architec-
ture into distinct subsystems for both inner and outer levels
and introduces a unified generic equation control applicable to
all subsystems.

o Part III-A introduces an adaptive state observer to esti-
mate accurately the true linear motion states of each
PMSM-driven EMLA at the load side. In addition, a step-
by-step summary of the proposed observer is provided in
Algorithm 1.

« Part III-B outlines the design of the RSBA control, which
is compatible with the observer estimator. It addresses
both non-triangular uncertainties and torque and voltage
disturbances to track the defined control task effectively.
As well, Algorithm 2 is included to provide a compre-
hensive overview of the design.

o Part 1 illustrates how incorporating the entire control
strategy into the modeled PMSM-powered EMLA-driven
n,-DoF HDRM mechanism ensures exponential stability
and robustness.

3) Section 1V: In this section, simulation results and com-
prehensive analysis are provided:

« Part IV-A conducts a desired task performed on a 3-DoF
EMLA-actuated HDRM with a 470-kg payload at the
end-effector in the Cartesian space. Then, reference tra-
jectories of each PMSM-powered EMLA-actuated joint
are computed based on direct collocation with B-spline
curves.

« Part IV-B presents control simulations of each PMSM-
powered EMLA-actuated joint to track reference trajec-
tories defined in IV-A.

4) Section V: In this section, two experimental scenarios
involving a prototype PMSM-powered EMLA mechanism are
presented to evaluate the RSBA’s robustness and responsive-
ness in practice. This PMSM-powered EMLA is intended to
actuate one of the joints in an upcoming electrified HDRM.

o Part V-A presents the EMLA prototype performance
to track a desired linear position at an upper-moderate
velocity of 0.026 m/s under a gradually increasing load
ranging from 7 kN to 70 kN.

o Part V-B presents the EMLA prototype performance to
track the same desired linear position but at a nominally
high velocity of 0.03 m/s under the heaviest load of
70 kN.
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Fig. 2.

1-DoF EMLA mechanism and controller schematic.

II. SYSTEM MODELING OF EMLA-EQUIPPED HDRM
A. EMLA Motion Dynamic Modeling

In this section, we investigate an EMLA model equipped
with a PMSM with nonlinearities, aiming to transform rota-
tional motion into linear motion. The fundamental elements
of an EMLA include a cylinder housing, attachments, a thrust
tube, a ball screw or roller screw, a gearbox, and a motor. The
power transmission sequence of the EMLA commences with
the motor, which generates torque and rotational speed through
electrical power. The gearbox is responsible for decreasing
the rotational speed while elevating the torque to the desired
magnitude, whereas the screw shaft and nut assembly effec-
tively convert the rotational motion into linear motion and can
actuate the manipulator joints (Fig. 2). The velocity and force
of this linear motion maintain a proportional relationship with
the lead of the screw mechanism.

The control procedure is executed within direct and quadra-
ture axes in the d-q axis, followed by the implementation of
Park transformations (7T') to transform a three-phase (3-Ph)
signal, as described in (1) and (2):

2 2
cos(wt) cos(wt — F) cos(wt + )

T = | —sin(wt) —sin(wt — 27”) —sin(wt + 27") (1)
1 1 1
2 2 2
td 2T | %2
uq ZT Uy (2)
Uo Uc

The electrical characterization of the PMSM in the d-g
reference frame is outlined in (3) [45]:

di 1

b R —(Mq - Rsiq_prmide - NﬁwmqDPM)

dt L,

di — i(ud — Rsig + prmiqu) 3)
dt Ly

301 .
Ty = 5Np[zq(zde + ®py) — iaigLy]

Regarding the mechanical components depicted in Fig. 2,
the torque generated by the PMSM is transmitted to the
gearbox and screw mechanism, respectively, to power the
manipulator’s joints. To simplify the rotary to linear motion
conversion ratio, ag; can be defined as in (4):

21

ol “4)

QR =

Applying the principles of Newton’s law of motion, we can
deduce the torque balance equations for the PMSM (z,,) and
thereby achieve a comprehensive performance of an EMLA
mechanism, as achieved in (5)-(6):

Tn = AeqjéL + Beq).CL + Cequ + DeqFL (5)

( 1
Aeq = ORL (Jm + Jo+ Jgp + TMBS)
| Qrr
Beg = are (Bm + TBBS)
ORL 5 X
1 1 1 o -
Ceoq = <—+—+ +ﬂ)
! “1 ket ke pPhes kL

Do, =

where

ORLNGB

(6)

Meanwhile, the parameter k; denotes the collective linear
stiffness encompassing the thrust bearing, ball screw, ball nut,
and thrust tube components, and it can be calculated using (7):

k(l—i-l—i-1~|-1)_l N
L =
kbearing kscrew knut ktube

The primary goal of control is to attain the targeted speed set
points while ensuring i, is equal to zero for energy efficiency,
while u4 and u, stay within predefined operational boundaries.
In the context of the studied EMLA, the state vector X (¢) €
R* and input vector U(¢) € R3 for the state-space model of
the studied EMLA can be defined as in (8):

x(t) =[x @) xL() ig(1) ia(®]"
u(t) = [ (6) ug(t) ua(n]”
Ultimately, we can define the state space vector for the given

case by considering x; = x.(¢), x = x.(¢), x3 = i (), and
x4 = i4(t), as expressed in (9):

()

)&1:)62

. 1 [3 -
Xy = — —N,,(X3X4Ld + qu)PM — X3X4Lq)
Ay |2
= Beaxz = Cegxi = Doy Fi] ©)
X3 = L—[uq — Ryx3 — Npaprxo(xsLg + Ppy)|
q
. 1
X4 = L—[ud — Ryx4 + NpOlRLXQX3Lq]
d

Thus, (9) implies that each PMSM-driven EMLA-actuated
joint can have four states, consequently leading to four sub-
systems. By considering x;; as the reference trajectory for
the ith subsystem, the control signal of the second subsystem
(i;“) is assigned to force the true linear velocity state (x)
to track the velocity reference x,;. Then, the i;‘ signal will
be the reference value (x3; = i;) for x3 = i, in the third
subsystem. Eventually, the g-voltage (u,) and d-voltage (u4)
signals are assigned to force real x3 and x4 = i, states to track
iy and i; = 0, respectively. Converging iy to zero removes
the magnetic field along the d-axis, ensuring that the torque
produced by the electric machine is unaffected by the rotor’s
position [21]. That is, to maximize torque per ampere, u, the
d-axis reference current is set to track zero. Based on these
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details, we can establish the relationship between the desired
torque (7,;) and currents, derived from (3), as follows:

‘L’; = %Npl':;q)pM, l; =0

Finally, the pulse width modulation block generated the cor-
responding rectangular waveforms used to control the power
switches s;~s¢ of the inverter.

Remark 1: In contrast to [37] and [38], we do not assume
that iy is exactly zero (iy = ij = 0) but consider i; as
the fourth state intended to track the reference ij = 0.
As demonstrated in (9), the second subsystem (X;) equation
encompasses the preceding (x;), present (x,), and subsequent
(x3 and x4) states. This pattern is mirrored in the third
subsystem (x3) equation as well. Consequently, any inaccu-
racies in modeling each joint actuated by EMLA or sensor
information may result in uncertainties with a non-triangular
structure, relying on all states, in the whole dynamic of
the manipulator. To achieve a high-performance HDRM with
robust control whose joints are actuated by PMSM-powered
EMLASs, addressing non-triangular complexities is necessary.

(10)

B. Manipulator’s Optimized Motion With B-Spline Trajectory
Generation

To analyze the motion profile of the EMLAs, we employ a
trajectory generation method based on direct collocation with
B-spline curves, as described by [46]. This approach involves
transcribing the problem into a finite-dimensional nonlinear
programming problem, which can then be solved efficiently
using numerical optimization techniques. We divide time into
discrete intervals, defined by the set of points described in (11):

(1)

The configuration vector of joints g belonging to R"+, along
with its first two time derivatives ¢ and ¢, is parameterized
by B-spline curves, as defined in (12), where M denotes the
number of partitions and ¢ represents the collocation points.
In this context, n, represents the number of DoFs, specifically
denoting how many actuated joints as passive joints can be
formulated as functions of the actuated ones. In addition, ¢
signifies the control points, and B(#) corresponds to the basis
functions of the B-spline [47], along with its time derivatives,
as described in (12):

q(t,¢0)=B()c §(t,¢) = B(t)e

The basis function B(¢), mapped from the set of time values
T to the interval [0, 1], is defined, and its first and second
time derivatives, denoted as B (t) and B (1), respectively, are
computed. Applying the inverse dynamics procedure outlined
in [48], we can derive velocities v, and forces f, within
the linear actuators. This involves employing a recursive
Newton-Euler algorithm designed to handle closed kinematic
chains (13):

Té{tO"'tk"'tM}

§t,e)=Bnec (12)

(v, fr) = RNEA(q.4.9)

We frame the problem as minimizing the integrated sum of
delivered power in the joints at time #; and computed using the

13)

output of (13). This optimizes the power consumption for the
linear actuators, and it is formulated by the following quadratic
multiplication form of velocity and force in (14), as well as
the constraints of the problem, as defined in (15):

M
. 2
ml?ll;l’ﬂ}[lle J() = % E A,(vLTfL)

(14)
=ty
q(t07 C) =4
q(tM5 c) = qF
q(ty, ¢) = vg
S
subject to § 4 €) = vr (15)

9.5 =q(t,¢) = qup
frg = fr@t, o)< fuyp
vip < q(t,c) < wvygp

M = tu,

where A, =t — t,_1 and J(c) is the scalar cost function.

The robot’s workspace, described in (16), is sampled while
adhering to joint limits, and the resulting sampled workspace
representation in R? is denoted as X. To follow the outlined
poses and paths, the manipulator’s end-effector traverses and
is sampled into n points, accordingly, and the trajectory line
is considered within X:

X={x|x=p,"@), 9,5 <9 < qu3) (16)
III. ROBUST OBSERVER-BASED MODULAR CONTROL
WITH EXPONENTIAL STABILITY CONNECTOR

A. Robust Adaptive State Observer for Linear Position and
Velocity of EMLAs

Position sensors commonly used in electric motors include
resolvers, encoders, Hall effect sensors, synchros, potentiome-
ters, and linear variable differential transformers. They can
generate signals proportional to the position status, serving
as the output of systems. To estimate the true linear position
and velocity on each EMLA in the presence of uncertainties,
by considering the system output y(¢) : R'*? x R>*! — R,
we can further illustrate the motion dynamic system (two first
subsystems of (9)), as follows:

() = AZ() + Bu(t) + g(&, 1) + K (&, 1)
y(t) =Cx(t)

where ¥ = [x;,x]" is the actual value of the state
vector (linear position and velocity of each EMLA), and
A € R?*2. B € R?, and C € R'*? are constant coefficients,
assuming that g(.) : R — R? comprises known modeling
nonlinearities. We define K(.) = [K|, K»]" as representing
uncertainties, sensor noises, and external disturbances.
In this context, u(¢) is equal to [0, i;]T in (9), although we
will show that the modeling term g(.) and control input
u(t) are mathematically ineffectual in the observer estimation.

A7)

Assumption 1: We can assume that matrices A and C,
as provided in (17), are observable. Then, a feedback gain
matrix a belonging to R2 can be found, such that A = A—aC
is a Hurwitz matrix [49].
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Assumption 2: Following Assumption 1, we can assume
that K;(.) is bounded. For all (y(¢),¢) € R x R, we can find
two positive definite matrices @ € R?>*? and p € R**? in the
following equation [49]:

—Q=pA+ATp (18)

such that an unknown positive constant n* € R* and a
continuous positive function H(-) : R x R — R™ can be
assumed to meet the subsequent condition:

| K@, 0l < p~ICT n* Hy(@), 1) (19)

where || - || denotes the squared Euclidean norm.

After defining the error of state observation x.,, = X — X,
we define £ : R — R? as the estimation vector of system
states, as follows:

R(t) = AR(1) + Bu(t) + g(&, 1) + a(y — §)
+plcTy
YO)=Cx(t), y=y—y, Y()=Cxel()

Yoo = Axeo + K(X(1),1) — p7'CT f (20)

where a finite and continuous function f(-) : R xR — R can
be proposed as follows:

7% H(y,0)*.y
nH(y, Iyl + m()

fG. @), = (21)
where m(¢) : R — R is a positive and continuous function
constrained by the following condition:

t
llim / m(t)dt <m < o0 (22)
— 00 I

and H(y,t) follows (19). The function 7 : R — R represents
the observer adaptation law, as follows:

n=-mti+tHGy,n Iyl (23)

where ¢ is a positive constant. From (19), we defined an
unknown positive parameter, denoted by n*, and now we can
define the observer adaptation error system 77 = 7 — n*, such
that:

n=-mln+LHy )yl —men* (24)

Remark 2: According to the general solution of the given
linear first-order ordinary differential equation in (23), and
assuming 7)(fo) > 0, we can say 7(¢) > 0 [50]. In addition,
as with (21), we can say:

£, 2@, Ol = nH (y(@), 1) (25)

The deployment procedures for the proposed robust state
observer to estimate the linear motion states of each EMLA
are described in Algorithm 1, which provides a summary
and step-by-step guide for implementing the algorithm into
each PMSM-driven EMLA-actuated joint system to calculate
X based on the system output.

Algorithm 1 Robust State Observer for Each PMSM-Driven
EMLA-Actuated Joint

IF A is not Hurwitz
« = randn(2, 1);
A=A—-axC;
ELSE
IF p is not positive definite matrices
0 =randn(2,2);

0=0+0";

p =lyap(A , 0);
ELSE

f = —mlH+LH|y — CZ|;

— __H .

LT AHISIHm()?

f=Ai+Bu+g+tay+p'C'f;
END

END

- lyap(.) solves the Lyapunov equation.
- randn(.) generates random numbers (0,1).
- eig(.) computes the eigenvalues of a matrix.

B. Robust Subsystem-Based Adaptive Control

1) Establishing Fundamental Concepts: To propose the
control methodology, after receiving the true linear position
and velocity values from Section III-A, and by considering
system states x = [xj, x3, X3, x4]7, we can alter (9) into the
following equations:

x1(1) = Apxa(t) + g1(x) + Fi(x) + di (1)
X2(1) = Agig (1) + g2(x) + Fa(x) + da(2)

. (26)
x3(t) = Azug () + g3(x) + F3(x) + d3(2)
X4(t) = Aqug(t) + ga(x) + Fa(x) + da(t)

Fori =1,...,4, A; € Ris any non-zero coefficient, g; (x) is a

known functional term originating from a model of the system,
and F;(x) represents non-triangular uncertainties relying on
all state variables and resulting from incomplete knowledge
of system parameters or modeling inaccuracy. Meanwhile,
d; : R — R is a time-variant disturbance with uncertain
magnitudes and timings. To clarify, Table I presents the
definitions of each parameter used in (26) derived from the
EMLA dynamic in (9). Note that (26) is valid for all n,
EMLA-actuated joints. Consequently, we will have 4 x n,
subsystems for the whole EMLA-actuated HDRM system. Our
next step is to propose a controller with a modular structure
that is compatible with the aforementioned observer. We can
define the tracking error x,; in the control system as follows:

X, = i=1,....4 Q27)

i

Xi — Xid,

where x;; and x,; are derived from the control task outlined
in Section II-B. In addition, x3; is defined as i;‘, while x4, is
setto iy =0.

Definition 1 [21], [51]: Consider that x; and x are the
reference and real state vectors of the manipulator system,
respectively. For ¢+ > #;, the HDRM system tracking error
X, = X — X4 is uniformly exponentially stable if the following
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TABLE I
ACTUAL PHYSICAL MEANING OF PARAMETERS IN (26)

Term EMLA parameters in (9)
Ay 1
As ﬁNp(PPIM
As L%
Ay Lid
91 () 0
2(2) 1.5Np(z314Ld—zgzijq)—Bequ—Ceqzl
g3(z) —Rsfﬁs—NpORLL?(m4Ld+<i>pM)
(@) —Rsm4+N,2(ZRLx2x3Lq
d1(t) External disturbances
da(t) Torque disturbance — 2<2FL
ds(t),da(t) || Voltage disturbances in g- and d-axis
Fi,. a(x) Non-triangular uncertainties

condition is satisfied:

Ixell = llx — xall < ée O |lxe(10) || + 2 (28)

where c¢,ft, and O are positive constants, and x,.(fy) is any
initial condition. More precisely, x, is uniformly exponentially
stabilized within a defined region g(t), depending on the
disturbance and non-triangular uncertainty bounds, as follows:

g(r) == {xe | x|l <7 :=f1} (29)

2) Transitioning System State Into Tracking Form: Now,
we employ a transformation approach that alters the system
states into the modular form of tracking:

Xe,
P, = '
Xe; — Ay
a; : R — R serves as a virtual position control input, and we
can define it as shown:

1
24,

and the adaptation parameter 6; : R — R is defined as follows:

if i=1,3,4

30
if i=2 G0

~ 1
a; = (B1+ 6101 Py — X~ S8 3D
i

0; = —8i010; + %;,-6,~|P,~|2, i=1,...,4 (32
where ¢;, §;, 0;, and B; are positive constants. The tracking
equation structure in (30) and control adaptation law in (32)
exhibit built-in modularity for all EMLAS, preventing undue
complexity escalation as the system order n, increases. Each
subsystem’s equation can be designed with a generic form,
ensuring the tracking equation’s modularity. Let 6;(0) >
0 be an initial condition for the adaptive system. Following
Remark 2, we can generate éi(t) > (. Next, we can define
the subsequent modular functions, assigning non-triangular
uncertainties, assuming they may be unknown, as follows:

— Fi(x1,...,x4) if i=1,3,4

F; =

[ F, (x 1y - -

if i =2 %3)

.,.XI4)—F*

where:

da; dxag

4 3611 dxi n 8a1 dél
0xyy dt

i ox; dr 96, dr

F* = -
30, dr

(34)
Assumption 3: According to (34), we can practically
assume that the linear position and velocity of the EMLA
are differentiable and bounded; see the constraints provided
in (15) and Figs. (8) and (9). Furthermore, we can also assume
that uncertainties and disturbances are bounded. Then, we can
define a positive smooth function »; : R — R, along
with positive constants A;, dmax), and €; € Rt for each
subsystem, which may all be unknown, such that:
| Fil < Airiy | di | < dmaxiiys | %ia 1< S (35)
Now, by differentiating (30), inserting (26) and (27) into it,
and considering (31) and (33), we will have:
Pl = Au;+ Aixq + &1 +F1 + Aja; +dy — X4
Py = Aguy + g+ Fo — 320 + da
Py = Asuz + g3+ F3 — X34 + ds
Py = Agus+ g4+ Fy —X4g + dy (36)

where u; = P>. up = i;, u3 = uy, and uy = uy are control
signals. If we define:

Gi = Aiu; + g + Fi +d; — %iq 37
For modularity, we have (36):
P = Gi+ Aixitna + Aia; ff 1 =1 38)
G; if i=2,3,4

3) Subsystem-Based Control Signal Design: By considering
the details mentioned, we propose the actual control inputs as
follows:

uy = Pz
1

1 N A
= byp,— Slp -
Uy A, (B2 + £2602) Py i A282

1 ~ 1
u3 A (B3 +£363) P3 A3g3

1 A 1
- 0Py — — 39
Uy A, (Ba + 2404) Py A4g4 (39)

Remark 3: Like the tracking equation dynamics of each
EMLA-actuated joint in (38), the control signals proposed
in (39) can use a modular-structured equation as follows:

Ay e
u; = Wi——P,‘_l if i =2 (40)
W; if i=3,4
where:
W= — (Bi + ibi) P, : 1)
= 2Al 1 gl 1 l Al gl

By assuming 6 € R* is an unknown positive constant
to tune the adaptation law, we define the adaptation error
0; = 0; — 6. Thus, we can obtain from (32):

- ~ 1
6, = —8;0,0; + 5;,~<s,-|P,-|2 — 8;0:0; (42)
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6} can be defined as follows:

07 = & DA} + vidp Q)] @3)

where p;, v;, ¥;, and ; are unknown positive constants,
and ¢; was introduced previously in (32). To clarify, Fig. 3
demonstrates how RSBA control operates for one EMLA-
actuated joint. The deployment procedures for the RSBA
control are described in Algorithm 2, which provides a
summary and step-by-step guide for incorporating the RSBA
control algorithm into each EMLA of the HDRM system. Note
that the inputs of the mentioned algorithm are the outputs
of Algorithm 1, current sensor information, and control
parameters, while the output of Algorithm 1 is control signals
uz, us, and Uyg.

Algorithm 2 Implementation of RSBA Control for Each

EMLA
FOrRi=1:4DO
IFi =1DO
Xe; = Xi — Xids

Pi = Xe¢; 5

0; = —8;0:0; + 368 PI%

a; = —ZLAi(ﬂi + 0P — Xi11a — Al’.gi;
IF i =2 DO

Xe; = Xi — Xid;

Pi=xy —ai1;

0; = —8i0i0; + 30:8;| Py

1 2 Ai- 1
up =—5-Bi +G0DP — S+ Pioi — 18i
ELSE DO
Xe; = Xi — Xid;s
,Pi = Xe¢; 5
5 5o 1 :
0i = —8i0:6; + 5681 | Pil;

up = =55 (Bi + G0 Pi — -8

END

Fig. 4 illustrates the modularity feature of the RSBA control,
which provides the unified control formulation applicable for
all n, PMSM-powered EMLA-actuated joints of the HDRM.
Each joint is decomposed into two interconnected subsystem-
based levels: the outer level (which is further decomposed
into two subsystems: the linear position and velocity subsys-
tems) is responsible for the motion dynamics of the EMLA
mechanism and calculating the required g-current of the motor
(i; = u2) to ensure the linear actuator’s position or velocity
aligns with the reference values. The resulting q-current then
becomes the desired g-current for the inner level subsystem
control (which is further decomposed into subsystems for
d- and g-current systems and converts electrical energy to
mechanical one) to adjust the sufficient motor voltage signals
(see Eqgs. (9) and (10)). The decomposition of PMSM-powered
EMLA-actuated HDRMs and the proposal of modular RSBA
control enable modifications to the dynamics of the HDRM,
such as altering motors or other dynamic components or
adding/removing joints, without affecting the unified control
formulation. This modular characteristic of the RSBA control
framework and the decomposition of the multi-component
HDRM into smaller subsystems provide the opportunity for

further subsystem-level analysis, such as optimization strate-
gies. It can also be extended to address other servo-driven
actuator applications, such as EHA mechanisms, regardless of
the type of motor or actuator mechanism involved.

C. Stability Analysis Through Subsystem Connectivity

Theorem 1: Consider a PMSM-driven EMLA-actuated
joint system whose modular tracking equations are provided
in (38). By employing the modular RSBA control specified
in (40), along with the robust observer method given in
Section III-A, in conjunction with adaptive laws presented
in Egs. (23) and (32) for the system, the tracking error of
the reference trajectories provided in Section II-B uniformly
and exponentially converges to the bounded value 7, even in
the presence of non-triangular uncertainties and time-variant
disturbances.

Proof: We introduce a Lyapunov function for the pro-
posed observer in the following manner:

1_
Vo = X, PXeo + — 11 (44)

4

After taking the derivative of the Lyapunov function and
inserting (20), we have:

Vo= ZxZ,pA_x.e,, +2x.,p[K - p'CT f]

+ 207 (45)

Furthermore, (18), (19), and (20) imply that for all # > fy:

Vo < —x,, Q% + 20"l H — 25 f + 20775 (46)
Substituting Egs. (21) and (24) into (46), we obtain:
X _ zﬁZHZyZ
Vo < —Xp Q%o + 20°H|F|| — ————
0= e Qeo 20 HIV = o o
+ 27 H || 3Il — 2mp* — 2min* (47)
By considering 7 = 1 — n*, we have:
. 20H|| | - m )
\% < —xT Xeo+ ————— — Zmr] — Zmrm*
0= e Qe S
2m(HH ||yl + m) — 2m?
-
<-—-Xx Xeo + ~ —
w0 Qo AH I3 + m
—2mi* — 2min* (48)

By eliminating the negative part from the right-hand side
of (48), we have the option to deduce that:

Vo < —x} Q%o + 2m — 2mii* — 2mijn* (49)
Then, considering —2ijn* < 71> + n**, we obtain:
Vo < —xgy Q%o +2m = 2mii* +m(i +1*?)
= —x0, Qxeo—mil’ +m(2 + 1" (50)

Hence, by knowing that p and Q are positive definite matrices,
we can assume there is a positive constant L € R* in which:

—x] Q%o < —X) PXoo + L (51)
Then:

Vo < =X pXeo—mi> +m(2 + "+ L (52)
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Modular RSBA control

xe, else
"{x,,—m ifi=2

Py ifi=1
Ay .
1 u = WK’A—PL—| ifi=2
P, 0= 8,08, +5{8,P. 2 3
: Linear position of each EMLA 2 w; else
near velocity of each EMLA

3 q-current of each motor

W=t 0P -~
o= g, B+ EB)P— 700

Modular tracking form [~ Modular adaptive law Modular control law

: d-current of each motor

Outer level control: responsible for motion dynamic of the actuation mechanism

X1
Decomposition of each PMSM-driven 1
P r Pi= %~ x4 By = 810,01 + 50184 1P1 2 =P,

EMLA-actuated jo

ion of linear
motion control for each EMLA

H = — — 5 1 A
———————————— Pa= B Xl g, = —5,0,0;, 45 08IP uy =Wy =Py
| 2
X, ;
————————————————————— 2 = X:uRequired torque/q-current mofor for tracking the reference trajectory
Inner level control: responsible for converting electrical energy to mechanical motion
X3
o B F) 5.+ 1 2
= w8050 45 absiPsl w=w,
Decomposition of d-q current
o each PMSM
2 . 1
,,,,,,,,,,,, =P P x-x 0, =—8,0,8, + 58, IPA =W,

Decomposition
HDRM with n, joints

Fig. 4. Decomposition of each PMSM-powered EMLA-actuated joint of a
ng-DoF HDRM into two main subsystems: the motion dynamics of EMLA
and energy conversion formulation of PMSM, along with the modularity
feature of the RSBA control framework.

By considering &, = (2 + n*?) and according to Young’s
inequality, we can reach:

: i 1., 1
Vo < —x) pXeo—mip® + L+ —i2 + -m*>  (53)

2 2

By defining L, as the supremum of L and the positive
function & : R — R*:

I B
n=ZHK, + Lpax

54
2 (54)
From (44) and (54), we have (53), as follows:

. 1 B

Vo < —¢oVo(to) + zmz +i (55)

where ¢o = min[1l, m £] and m is the infimum of m. Based on
Definition 1 and Appendix A, and according to [21] and [51],
the error of the observer ||x.,| is uniformly exponentially
bounded within a specific ball, as shown in Fig. 5, and:

1 ~

ol < | —20) oty | Ed (56
pmin(l - Z) 1 -7

Schematic of the RSBA control system for an EMLA-actuated joint of the HDRM.
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Fig. 5. Convergence of the proposed adaptive observer, signifying the
trade-off between noise filtering and real-time responsiveness.

Remark 4: As discussed in [52] and [53], a state observer
with high-response convergence tends to exhibit poorer filter-
ing capabilities. See Fig. 5 and Eq. (56). The noise-filtering
capability of the proposed observer (the radius of the sphere

—
illustrated in Fig. 5) relies on the time constant term;: [ Znin?0_

Thus, decreasing the positive parameter ¢y and eigenvahiesz of
the positive definite matrix p increases the noise-filtering capa-
bility and robustness of the observer. On the other side, as the
positive parameter ¢ must be ¢ < ¢y — ﬁ based on Eq. (93),
the small values of the parameter ¢y and eigenvalues of the
positive definite matrix p decrease real-time responsiveness.
Thus, depending on the intensity of noises and disturbances,
a trade-off between robustness and real-time responsiveness in
setting the proposed observer parameters should be balanced.
We will use (55) later. Now, a Lyapunov function for the
first subsystem of the EMLA equations is proposed, as shown:
Vi= % [P+ 8,67 (57)
After differentiating V; and inserting u; from (40) and
G, from (37) into (38), we have (57), as follows:

Vi = AP P+ A Pixog + Prgi + P Fy + Pid,

+ A Pray — Py + 876,60, (58)

Remark 5: Koivumaki et al. in [34] proposed a control
method ensuring asymptotic stability for the systems with
triangular uncertainties and the absence of time-varying dis-
turbances. Expanding upon their stability analysis, we utilize
the concept of a stability connector for the PMSM-driven
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EMLA-actuated n,-DoF HDRM, encompassing non-triangular
uncertainties and time-varying disturbances. The stability con-
nector S; is a destabilizing dynamic interaction among the
first and second subsystems (position and velocity) of each
EMLA-actuated joint system. Its aim is to eliminate instabil-
ity among subsystems and result in an exponentially stable
analysis of the entire system. This term is defined as follows:

Si=A PP, (59
By considering (35) and (58) and using (59), we have:

Vi< Si+ A Pixayg+ Pigi+ | Py |A17'1+ | Pr| €2

+ | Pt | dpaxy + A1 Pras +8,'0,60, (60)

By considering positive constants ¥, v, and @ and following
Young’s inequality, we have:

. 1
Vi<s$ +A1P1x2d+Plgl+§ | Py 1> i AS

1 1
+ —,ul_]rlz-i-AlPlal + 3 | Py |? vid?

2 max (1)
Ly 11 2p2 -15 5
+EU1 +§I/fl +§¢191P1 +(S 9]9] (61)

By considering the description of 6 in (43), as well as the
descriptions 6 in (42), we obtain:

Vi< S+ 2000 | PP s vy
- 2 2 2

RN D B
— AP+ S = S Lo P

1 - ox
— 016, +§;1|P1|201 — 01070, (62)

Because 6; = 0; — o5,
1

2~
—Gleik@l

. _ 1 1 ~ 1
Vi< S+ ot + o = S AP =il + Sy

(63)

After dividing O’lé? into %015? + %019? and considering (57),
we can arrive at:

Vi<—¢iVi+ S+ l,lflrlz + Lo + l<719{k2 + l’ﬁfl
- 21 21 2 271
(64)

where:

¢1 = min[B;, d01] (65)

We will use (64) later. Just as in (57), we present the same
scenario for the 2-th subsystem by defining the Lyapunov
function as follows:
Vs = 2 [P2 455162 66
2=5 [Py + 8, 65] (66)
By differentiating V, and inserting 152 in (38) and G, in (37),
we have:

Vo = Po[Agus + g2 + Fo — doq + da] + 8,020, (67)

Likewise, we continue by considering u; in (40) and
W, in (41), and the stability connector S; from (59), inserted
into (67). Similar to the first subsystem, we will obtain:

1
2057 + 5%_ :
(68)

. r ., 1 ., , 1
V2§—¢2V2—Sl+§l)2 +§/L2 I’2+§

where:

¢>» = min[ B,

Likewise, we can establish an analogous Lyapunov function
for the 3th and 4th subsystems, as shown:

8,07] (69)

1 ~ 1 -
Vs=3 [P} +687'03], Va= 3 [P} +68,'63] (70)

Similarly, we can obtain:

. I, 1 ;1
Vi< —¢3Vs+ -y ri+ vy + =

9*2+1¢—1 (71)
2 2 2737 TP

and:

: 1, 1,
Vo= =uVa+spy ri+5v, +5

1
07 + -yt (72
2 2 040 vy (72)

where:

¢3 = min[B3, 8303], ¢4 = min[Py, 8404] (73)

Now, we introduce the Lyapunov function V for the entire
subsystem of one EMLA-actuated joint, including the observer
section, as follows:

V=WW+Vi+ WL+ V:4+ Vs (74)

After the derivative of (74), and calling on (55), (64), (68),
(71), and (72), we obtain:

=1
1 4 1 1 4 1
—1 —1 2 2
+§Z i +§Z¢" +§Z_ o+ ym 73

As we can observe in (75), based on the concept defined
in Remark 4, the unstable term associated with dynamic
interactions between subsystems has been effectively offset in
this step. Generally speaking, we can transform the equations
provided in (74) by considering (44), (57), (66), and (71):

1 1~ ~
V=-PAP+-0"A19 (76)
2 2
where:
_xen 211 0 0 0
P 0 1 0 0
P= s, A= . . ,
| Py 0 ... 0 0 1
[ 7 2000 0 0
. |0 0o &' 0 0
6=\ .| A= . ) . 77
| 04 0 o o0 ¢
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Then, from (75),

4
. 1 _ _
V< oV + 5 ; AM? 4 foral (78)

where P : R?x R x Rx R xR — R® 1 : R¥? x R x
RxRxR—>R> 9§ :RxRxRxRxR — R’ and
A:R x xR xR xR xR — R>> From (75):

1, 1< s -
g 2 =y 2 n

we can define:

71r2 4 - m2]

(79)

I =maX(Z,ﬁfl,...,ﬂ;1), M? = m? +r?

4 4 4
- ~ 1 —1 1 —1 1 *2
Kiotal = 1+ 5 ;:1 V; + E ; Iﬂi + 5 l::l O—igi
Groral = min[go, @1, ..., 4]

As per the definitions in Equation (78), [isotar, 1, and ¢yorar
are known to be positive constants, while M; is a function
yielding solely positive values. Therefore, we can conclude the
demonstration of Theorem 1; see Appendix B for more details.
Similar to Remark 4, based on Definition 1, Appendix A,
and according to [21] and [51], each RSBA-applied EMLA
is uniformly exponentially bounded within a specific ball, as:

Pl |2 ey | P
)»min(l - Z) )\min¢totul(l - Z)

Theorem 2: Consider a PMSM-driven EMLA-actuated
ny,-DoF HDRM system, and its EMLA equations can be
provided by (26). By employing the modular RSBA control
specified in (40) for the entire manipulator system, along
with the robust observer methodology given in Section III-A,
in conjunction with the adaptive laws presented in Equations.
(23) and (32), the tracking error of the reference trajectories
of all EMLAs uniformly and exponentially converges to the
bounded value 7y, even in the presence of non-triangular
uncertainties and external disturbances.

Proof: As observed, the exponential stability of each
EMLA-actuated joint has been achieved by employing modu-
lar RSBA control in Theorem 1. By considering a Lyapunov
function as the sum of the Lyapunov functions of all joints
in the form of (74), continuing the same steps, and increasing
the dimension of the matrix P from 6 to 6n,, exponential
stability for the entire n,-DoF EMLA-actuated manipulator is
straightforwardly obtained; see Appendix C for more details.
Similar to Remark 4, based on Definition 1 and Appendix A,
and according to [21] and [51], each RSBA-applied EMLA
is uniformly exponentially bounded within a specific ball, the
radius of which depends on the noise and disturbance intensity.

Remark 6: This paper suggests a departure from the con-
ventional approach of designing a control strategy for HDRMs
to stabilize the entire system as a single entity. Instead,
we introduce modular tools (as outlined in Remark 3,
Theorem 1, and Theorem 2) that achieve the following
objectives:

(80)

(81)

TABLE I

PARAMETERS OF THE MOTION GENERATION OPTIMIZATION
ALGORITHM FOR THE 3-DOF HDRM

Term Value

qs 0.244,0.389,0.499] m
qE 0.270,0.442,0.348] m
vs [0.0016,0, —0.0024] m/s
vp || 0.0607, —0.0808, —0.5477] m/s
qLB [0,0,0] m

qQus [0.522,0.611,1] m

VLB [-0.136, —0.100, —0.210] m/s
vUB [0.136,0.100, 0.210] m/s
fLs [—89.8, —68.6, —6.1] kN
fus [89.8,68.6,6.1] kN

tw,, 37.7s

- Lowercase bold symbols represent vectors.

Telescope Cylinder
with Piston

End Effector

Tilt Cylinder
with Piston

Base —
Lift Cylinder
with Piston

Fig. 6. Assembly of the studied 3-DoF HDRM.

o Automatically stabilize adjacent subsystems of the
EMLA-actuated HDRM to ensure uniformly exponential
stability.

« Prevent an undue increase in the complexity of the control
design for high-order DoFs.

« Allow independent control modifications for each subsys-
tem (without affecting control laws in other subsystems),
while still guaranteeing the stability of the whole
EMLA-actuated HDRM system, as demonstrated in the
proof of Theorem 2.

IV. SIMULATION RESULTS
A. 3-DoF HDRM Motion Simulation

In this part, we considered a 3-DoF parallel-serial manipu-
lator actuated by PMSM-powered EMLAs for the case study,
as shown in Fig. 6. For this case study, the values of the
constraints of the motion generation optimization algorithm,
according to (14)-(15) in Section II-B, are listed in Table II.

The implemented predefined task for the HDRM is visual-
ized in Fig. 7. In addition, we incorporate a 470-kg payload
at the manipulator’s end-effector. Linear forces and linear
velocities of EMAL-actuated joints of the HDRM, including
lift, tilt, and telescope, are obtained as shown in Fig. 8. Further,
the linear position and acceleration of the mentioned joints of
the HDRM are illustrated in Fig. 9. The generated position
and velocity trajectories of the three studied EMLAs will serve
as reference trajectories for the motion dynamics, outlined in
Eq. (9) in Section II-A, to meet the control task at the joint
level. The three EMLA models that were chosen for actuating
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TABLE III

THE LIST OF SELECTED EMLAS TO ACTUATE THE JOINT PISTONS
OF THE STUDIED MANIPULATOR

TABLE IV
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TECHNICAL DATA AND CHARACTERISTICS OF THE SELECTED EMLAS
FOR IMPLEMENTATION IN THE MANIPULATOR’S JOINTS

Joint | EMLA Model | Motor/Manufacturer
Lift SRSA-S-7520 MCS19P29/Lenze
Tilt SRSA-S-6010 MCS19J30/Lenze

Telescope CASM-100-BB 1FK7064/Siemens

Ending Poi
Ending Point

Starting Point

Direction of the Movement

Fig. 7. Visualized movement of the studied 3-DoF HDRM in the Cartesian
space.

fuite Frine et Ve Ve Vrel

0 6 12 18 24 30 36
Time (s)

Fig. 8. Forces and velocities in the lift, tilt, and telescope pistons of the
studied 3-DoF HDRM.

1 05
Tel~2Lift it ?Tel / 1

XL XX

e
%

e
=N

S

Acceleration (m/s”)

Linear Position (m)

e

>
7

0 6 12 18 24 30 36
Time (s)

Fig. 9. Positions and accelerations in the lift, tilt, and telescope pistons of
the studied 3-DoF HDRM.

the HDRM in the simulation section of this paper are listed
in Table III.

Meanwhile, Table IV provides an overview of the essential
features of the components within the EMLA mechanism,
including linear units, the gearbox, and the electric motor.

B. Implementation of RSBA Control for the Joint Level of the
Simulated 3-DoF HDRM

To investigate the effectiveness of the proposed control,
we apply the RSBA control to each PMSM-powered EMLA-
actuated joint of the simulated HDRM to track the generated
motion trajectories visualized in Figs. 8 and 9 as the motion
reference. This setup enables the studied manipulator to exe-
cute the visualized movement in Cartesian space, as illustrated

Term Lift EMLA Tilt EMLA Tel. EMLA
Linear Unit and Gearbox
Feo 145.7 kN 120.6 kN 6.4kN
F. 89.8 kN 68.6 KN 6.1 kN
Fro 261.1kN 199.7kN 17.1kN
F, 147.4kN 145.5kN 17.1kN
Amaz 3.4 rn/s2 2m/s2 6m/s2
VUmaz 136 mm/s 100 mm/s 210 mm/s
Mps 156.5kg 83.6kg 30.4kg
l 0.02m 0.01m 0.01m
d 0.075m 0.06 m 0.04m
1/p 7 5 1
Electric Motor (PMSM)
Jm || 0.016kgm? || 0.0105kgm? || 0.000 85 kgm?
ny 2850 rpm 3000 rpm 3000 rpm
™ 53N -m 29N -m 8N -m
Tmax 190N - m 129N - m 32N -m
iN 29.5 A 185 A 7T.6A
UN 315V 300V 600V
Pn 15.8 kW 9.1kW 2.5kW
Rs 0.14Q 0.16 92 0.35€2
Ly 2.4mH 3.2mH 12mH
dpry 0.15 Wb 0.13 Wb 0.12Wb
Ny, 8 8 6

in Fig. 7, while supporting a payload of 470 kg at the end-
effector. Except for the load force effects provided in Fig. 8§,
we consider external disturbances and sensor noise (d, with
N unit) as follows:

Lift: 0.8 sin(8¢) + 0.7 sin(20¢) + 1.2211rctan(x2)e*3t
Tilt: 0.8 sin(7¢) 4+ 0.95 sin(18¢) 4 rand(0, 2)

Telescope: 0.9 sin(65¢) — 0.3 sin(507 + 7/4) (82)

As voltage disturbances (d3 and dy), we consider the following
functions (with v unit) for all three EMLAs:

d3:042um®r+%)+OQﬂdn60
@:—05%M%+%) (83)

In addition, we assume that the following non-triangular
uncertainties occur for all three EMLAS:

I.SNP(X3X4Ld — X3X4Lq) — Beq)Q — Ceqxl

P =
1004,
P —Ryx3 — Npagpxa(x4Lg + Ppuy)
: 500L,
Fy = —Rx4 + N[,OtRLX2X3Lq (84)

1000L 4

(83) implies that the uncertainties imposed on the systems
are 1%, 0.2%, and 0.1% errors in the modeling of velocity,
g-axis, and d-axis current equations. According to the nature
of our work, we assume that all uncertainties and disturbances
are unknown. Based on our understanding, we have identified
two impressive pieces of research focusing on PMSM control
with an adaptive approach. The first one, cited in [44], presents
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Lift EMLA

Reference =====CAC
= = =ANATC

TABLE V

INITIAL CONDITION OF THE SYSTEM STATES AND THE
PARAMETERS OF CONTROL STRATEGIES

Term Lift Tilt Tel.
Initial values of the system states
z(0) ][ 0.24m || 0.385 m || 0.5 m
21,(0) 0 m/s 0 m/s 0 m/s
14(0) 0A 0A 0A
14(0) 0A 0A 0A
RSBA control approach parameters
B1,2 3000 2000 800
C1,2 100 100 0.001
01,2 100 100 1
01,2 0.001 0.001 1
B3,4 1000 750 420
(3,4 100 80 1
03,4 110 80 0.5
03,4 0.01 0.01 1
CAC approach parameters [44]
ki,2 230 210 175
k35 0.05 0.03 0.03
ka 1 1 0.5

W1,2,4 3 2 1
w35 0.03 0.02 0.03
mi,3 1 1 0.9
Mo 12 10.5 8
ANATC approach parameters [38]
ky 0.14 0.24 0.1
ko 0.7 0.75 0.7
g 0.075 0.075 0.075
A1 1.22 1.08 1.15
A2 0.66 0.85 0.78
U1 2 0.03 0.03 0.01
b 2 2 2

a modified adaptive control scheme based on command-filtered
backstepping. This command-filter-approximator-based adap-
tive control (CAC) utilizes a stabilizing function through the
hyperbolic tangent function. The second study, cited in [38],
introduces an adaptive neural asymptotic tracking control
(ANATC) scheme for PMSM systems, accounting for cur-
rent constraints and unknown dynamics, while assuming that
iz equals zero to avoid non-triangular uncertainties. Based
on our findings, both papers demonstrate a strong control
performance compatible with the studied PMSM-powered
EMLAs compared with others. Therefore, we have chosen
them as two reliable references to provide detailed compar-
isons, showcasing the effectiveness of our work. After ensuring
consistent conditions across our application, including lin-
ear positions and velocities (see Section IV-A), modeling
parameters of the three EMLAs (see Table IV), external
disturbances (see Eqgs. (82) and (83)), and uncertainties (see
Eq. (84)), we selected the initial condition and the values of
the control parameters corresponding to the aforementioned
control strategies, as outlined in Table V.

Furthermore, to implement the RSBA control algorithm in
the studied application, we utilized the proposed observer in
Section III-A for all three EMLAs to estimate true linear
positions and velocities. For all, we assumed C = [1,0].

0.35

Linear position tracking (m)

0.2722

| | . .
0 6 12 18 24 30 36
Time (s)

Fig. 10. Position tracking in the lift piston of the studied 3-DoF HDRM.

x107% Lift EMLA

RSBA CAC ANATC

Linear position tracking error (m)

0 6 12 18 24 30 36
Time (s)

Fig. 11. Position tracking error in the lift piston of the studied 3-DoF HDRM.

The value of the vector C implies that the observer utilizes
the linear position information from the position sensor as the
output of the system. We used the following values for the
three EMLAS’ observers:

_10.3192 _ | 1.4078
— 103129 | —0.1975
- —0.3192 1 0.7752  —0.0775
A= [—0.3129 0]’ Q= [—0.0775 0.3949 ] ®3)
It is noteworthy that the matrices p and Q were calculated by
the command p = lyap(AT, Q) in MATLAB. The function
H(y(t),t) was defined as follows:

H(y(t), 1) = 20cos(y)* + 20sin(y)*

—0.1975
4.4535 |

(86)

Then, we selected: £ = 1, m = 200 ¢ 9% In addition,
we assigned the initial conditions for the estimated observer
parameters as follows:

Lift: %o =1[0.24,01",7(0) =1
Tilt: %o = [0.358,0]7, 7(0) = 0.5
Telescope:  x¢ = [0.5, 017, 7(0) =0.2 87)

In the same conditions, the three control strategies were
implemented across all three EMLA scenarios to track the
control tasks. Figs. (10)-(14) depict the results pertaining to
the lift piston. Figs. (10) and (11) demonstrate that the three
controllers effectively perform linear position tracking for the
first EMLA with high accuracy (1073). In addition, rapid
convergence (less than 0.1 sec) was observed among them.

Similar results are observed for linear velocity tracking in
Figs. (12) and (13). However, the RSBA control outcomes
exhibited smoother and better accuracy in performance com-
pared to the others. Furthermore, the tracking errors depicted
in Figs. (11) and (13) indicate that while ANATC and CAC
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Lift EMLA

0.08

0.06
0.04
0.02

-0.02

-0.04 2.

Linear velocity tracking (m/s)
<

-0.06

-0.08 1.5 &

27 36

18
Time (s)
Fig. 12.  Velocity tracking in the lift piston of the studied 3-DoF HDRM.

Lift EMLA

w

Linear velocity tracking error (m/s)
n o

Time (s)
Fig. 13. Velocity tracking error in the lift piston of the studied 3-DoF HDRM.
Lift EMLA
150 . ‘

RSBA oo CAC ----- ANATC]

Torque (N.m)
~
< W

4
o

150 — T I I I
6 12 18 24 30 36

Time (s)
Fig. 14. Torque generated in the lift piston of the studied 3-DoF HDRM.

Tilt EMLA

Linear position tracking (m)

Time (s)

Fig. 15. Position tracking in the tilt piston of the studied 3-DoF HDRM.

are competitive, they lag behind RSBA control. Similar to
velocities, the torque exerted by RSBA for the lift EMLA was
smoother and required less effort, as shown in Fig. (14). The
results concerning the performances of the controllers for the
second piston (tilt EMLA) are presented in Figs. (15)-(19).
Similarly, Figs. (15)-(18) demonstrate performance in track-
ing position and velocity for all three control strategies.
An interesting observation is that in both lift and tilt EMLAs,
RSBA and ANATC exhibited better accuracy in position

| X 10 Tilt EMLA

RSBA —— CAC

ANATC]|

Linear position tracking error (m)

Time (s)

Fig. 16. Position tracking error in the tilt piston of the studied 3-DoF HDRM.

Tilt EMLA

Linear velocity tracking (m/s)

Time (s)

Fig. 17.  Velocity tracking in the tilt piston of the studied 3-DoF HDRM.

%107

Linear velocity tracking error (m/s)

6 12 18 24 30 36
Time (s)

Fig. 18. Velocity tracking error in the tilt piston of the studied 3-DoF HDRM.

Tilt EMLA

Torque (N.m)

6 12 18 24 30 36
Time (s)

Fig. 19. Torque generated in the tilt piston of the studied 3-DoF HDRM.

tracking than CAC, whereas RSBA and CAC showed a
better velocity tracking performance. Furthermore, RSBA and
ANATC showed similar results in position tracking for the tilt
EMLA (Fig. 16), although the ANATC error is 0.000001 less
than that of RSBA. Fig. (19) illustrates the torque efforts
related to the tilt EMLA. With the exception of the RSBA
control result, which is smoother, CAC occasionally outper-
formed ANATC in torque during certain periods.
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x10°

Telescope EMLA

25 : :
2 - Reference - E ‘ ,,,,,
i o0
£0.6 4 £
= ]
E ER
30 1 £
5 E
202 1 z
-
o 0.499995 T 1 | | 5 s 5.7 | ().l‘ | { |
0 12 18 2 30 36 6 12 18 24 30 36
Time (s) Time (s)
Fig. 20. Position tracking in the telescope piston of the studied Fig. 23.  Velocity tracking error in the telescope piston of the studied
3-DoF HDRM. 3-DoF HDRM.
s %107 ‘ Telescopg EMLA ‘ ‘
g Telescope EMLA
g
5
=1
]
ﬁ —_
£ 1 g
= (2
2 g
; £
= £
g
£ 2.125
= -5 L L L L
0 12 18 2 30 36 0 ‘ ‘ ‘ ‘ |
Time (s) 6 12 18 24 30 36
. . . . . i Time (s)
Fig. 21.  Position tracking error in the telescope piston of the studied
3-DoF HDRM. Fig. 24. Torque generated in the telescope piston of the studied
3-DoF HDRM.

0.5

Telescope EMLA

Reference

u

Linear velocity tracking (m/s)

Time (s)

Fig. 22. Velocity tracking in the telescope piston of the studied
3-DoF HDRM.

Similarly, Figs (20)-(24) depict the results of controllers
implemented on the last EMLA (telescope). In the close-scale
Fig. (20), the speed convergence of the real position states
to the reference is illustrated. It can be observed that the
position raised by RSBA converged with a steeper slope than
the others, followed by CAC and ANATC, although all the
methods demonstrated high-speed convergence. Interestingly,
the accuracies of both position and velocity tracking for all
three methods are competitive (Fig. 21). However, the error of
position tracking by employing all three control strategies in
the last EMLA increased compared with the previous EMLAsS,
in contrast with velocity results.

According to Fig. (24), the highest torque effort for this
scenario is associated with ANATC, followed by CAC and
RSBA control. The performances of all three control strategies
implemented in the three EMLAs are summarized in Table VI.
Except for one instance involving the position outcomes of
ANATC in lift and tilt EMLASs, we observe an increase in
errors from one EMLA to the next for all three algorithms.
We can witness a similar pattern in the convergence speed

30

q

800

q

—Lift

Tilt

——Telescope

—Lift

Tilt ——-Telescope

PMSM current response (A)
PMSM voltage response (A)

6 12 18 24 30 36
Time (s)

Time (s)

Fig. 25. The g-axis current and voltage responses in the lift, tilt, and telescope
pistons of the studied 3-DoF HDRM by implementing RSBA control.

of the real states to the references, such that the subsequent
EMLA had an approximately quicker convergence compared
with the next one. In the table, to simplify comparisons, the
average values of all three control performances based on the
RSBA approach were normalized, we set the RSBA control
results as our reference point (= 1) and calculated the other
approach results as ratios relative to the RSBA control results.
We can assert that considering the payload and dynamics
of the HDRM, the RSBA results slightly outperformed the
other methods for three studied PMSM-powered EMLAs in
simulations. As previously mentioned, to maximize torque per
ampere, we set the d-axis reference current i; to zero. When
the d-axis controller operates effectively, then i; and u, will
be minimal. Hence, besides control performance, the g-axis
current and voltage responses generated by RSBA control in
lift, tilt, and telescope EMLASs are presented in Fig. (25).
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TABLE VI

CONTROL PERFORMANCE OF EACH EMLA IMPLEMENTED BY THE RSBA
CONTROL, CAC [44], AND ANATC [38] IN TRACKING THE
LINEAR MOTION REFERENCE

HDRM Convergence RSBA CAC [44] ANATC [38]
joint criteria approach approach approach
Pos. error (m) 0.00006 0.00009 0.00007
Lift Vel. error (m/s) 0.00038 0.00042 0.00049
T. effort (N.m) 93.75 104.22 112.53
Con. speed (s) 0.083 0.091 0.095
T T T T Pos. error (m)~ ~ 0.000065 ~ 0.000112 ~ 0.000064 ~
Tilt Vel. error (m/s) 0.00208 0.00221 0.00230
T. effort (N.m) 102 111 120
Con. speed (s) 0.085 0.094 0.095
T T T Pos. error (m)_ ~ 0.00213° ~ 0.00214 ~ ~0.00215
Telescope Vel. error (m/s) 0.0047 0.0049 0.0048
T. effort (N.m) 35 41 51
Con. speed (s) 0.086 0.095 0.098
Pos. error (m) 1.000 1.040 1.010
Normalized Vel. error (m/s) 1.000 1.090 1.100
average T. effort (N.m) 1.000 1.110 1.230
Con. speed (s) 1.000 1.100 1.130

- T. effort assigns the torque amplitudes generated.
- Pos. error assigns the position error.

- Vel. error assigns the velocity error.

- Con. speed assigns the convergence speed.

V. EXPERIMENTAL RESULTS

The experiments are conducted on a PMSM-powered
EMLA mechanism, which serves as a prototype for actuating
one of the joints in an upcoming 3-DoF fully electrified
HDRM. According to specifications and safety standards,
EMLA can sustain and move a load of up to approximately
75 kN. Fig. (26) illustrates the experimental setup for testing
the control algorithms on the EMLA mechanism. To generate
an adjustable external load, we employed an EHA, which is
mechanically coupled to the load side of the EMLA, thereby
enabling the generation of a pushing linear force on the
actuator under study. The amplitude of the EHA’s linear force
can be controlled via the hydraulic HMI, which regulates
the valves of the hydraulic piston. The RSBA, CAC, and
ANATC controlling algorithms were separately uploaded to
the Unidrive controller (model: M700-064 00350 A) through
the EMLA controlling HMI to manage and monitor the
operation of the servo motor of the EMLA. The mentioned
controller sends the voltage commands to an inverter module
in order to supply the servo motor. The adopted servo motor
in the EMLA mechanism for the experiment is a three-phase
380/480 VAC 11.6 kW Nidec PMSM. The characteristics of
the EMLA components, including the electric motor, gearbox,
and ball screw, are listed in Table VII. Both control signals and
communications between the controller, inverter module, and
other components were managed via an EtherCAT network.
This setup allowed for immediate control and surveillance,
ensuring the motion control was precise and complied with the
established safety and performance standards. Control systems
operated with a sampling rate of 1, 000 Hz, and the torque of
the controller was measured directly using a 16-bit message.
We considered C = [1, 0], implying that the observer utilizes
the linear position information from the position sensor as
the output of the setup. Here, the reference position trajectory
x14 for the experimental PMSM-powered EMLA was designed

TABLE VII
PMSM AND GEARBOX PARAMETERS OF THE EXPERIMENTAL EMLA

Parameter Value Unit
PM Magnetic Flux 0.134 Wb
Number of Pole Pairs 4 -
Rated Power 11.6 kW
Rated Current 23.1 A
Peak Current 48.2 A
Rated Torque 37 N.m
Peak Torque 77 N.m
Rated Speed 3000 rpm
Maximum Speed 3877 rpm
Phase Resistance 0.08 Q
Phase Inductance 2.42 mH
Gear Ratio 7.7 -
Screw Lead 16 mm
Screw Diameter 63 mm
Screw Lead Angle 4.55  Degree °

based on quantic polynomials in Chapter 13 of Ref. [54] and
was defined as a repetitive path from 0.05 m to 0.30 m,
with two stops during forward movement and three stops
during backward movement. The control parameters used for
the RSBA control were as 8y = 15 8, = 1500, B3 = 5
Ba = 1, L1034 = 100, 81234 = 100, 01234 = 0.001,
H = 20cos(y)* +20sin(y)*, £ =1, m =200 ¢ %% and
p = [1.4078 —0.1975; —0.1975 4.4535]; for CAC were
as k1 = 2, k2 = 150, k3,5 = 0.01, k4 = 0.9, w124 = 1.8,
w35 = 0.02, my3 = 1, and my = 12; and for ANATC, they
were as k; = 0.1, kp = 0.55, g = 0.1, A,; = 0.8, A, = 0.75,
£1,=0.25,and b = 2.

To introduce a variety of tasks, we divided the tests into
two parts: 1) upper-moderate velocity and gradually increasing
load ranging from 7 kN to 75 kN, and 2) the near-maximum
velocity and high load condition of 75 kN.

As the load force varies during motion in practice, both
tasks considered involve non-constant, frequently changing
loads and velocities of the EMLA to simulate realistic con-
ditions encountered in heavy-duty applications. For example,
in Experiment 1, this load force progressively increases,
simulating scenarios where the HDRM must handle loads
when lifting unevenly distributed objects or digging. Exper-
iment 2 can simulate tasks where HDRMs are required
to operate at near-maximum capacity to meet production
demands, for example, in manufacturing or construction.

In addition, due to the friction term —B,;x, in the sys-
tem dynamics (9), this uncertainty increases as velocity
rises, which can challenge control performance and stability.
Therefore, to ensure the experiments are both meaningful
and challenging, we considered two conditions to experience
high velocity: upper-moderate and near-maximum velocities.
The RSBA control in both scenarios is expected to demon-
strate comparable performance, with no significant differences
despite variations in velocity and load conditions. This consis-
tency validates the robustness of the proposed control approach
in addressing uncertainties and responding effectively under
different operational conditions.
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Fig. 27. Experiment 1, the load force applied to the experimental
PMSM-powered EMLA.

A. Experiment 1: Upper-Moderate Velocity and Gradually
Increasing Load

The first experiment assumed that the EMLA would track
the desired linear position at an upper-moderate velocity of
0.026 m/s, under a gradually increasing load ranging from
7 kN to 75 kN. In this case, a 20-kN load was added
approximately 40 s after beginning tracking. Subsequently, a
40-kN load was added at around 100 s, a 60-kN load at about
200 s, and, finally, the last load of 70 kN was applied at 280 s.
Fig. (27) illustrates the pushing load force applied by the EHA
to the EMLA during the experiment.

It clearly shows that the load is not smoothly constant
and frequently changes, with a 5-kN amplitude, due to the
vibration from the EHA affecting the EMLA. This variability
in the load could be beneficial, as the frequent changes may
more closely simulate the realistic load conditions encountered
in off-road environments, where a multi-DoF PMSM-powered
EMLA-actuated HDRM is intended to operate. We investi-
gated the performances of the same control strategies that were
compared in Section IV-B. Hence, Fig. (28.a) illustrates the
EMLA’s tracking of the desired linear position, which RSBA,
CAC, and ANATC controlled in the same condition.

“ 1

The setup of the PMSM-powered EMLA prototype aligned with a linear load generated by an EHA.
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Fig. 28.  Experiment 1, (a) position reference tracking and (b) position
tracking error in the experimental PMSM-powered EMLA.

All three control algorithms could manage the experimen-
tal EMLA, though with significant differences, displayed in
Fig. (28.b) as the tracking errors of each control algorithm.
This figure presents the linear position tracking errors:
0.0008 m for RSBA control, 0.004 m for CAC, and 0.0027 m
for ANATC. Interestingly, the values indicate that the track-
ing accuracy increased during actual tests compared to the
simulation results. Although the position tracking error of
RSBA in the experiment was approximately 10 times its
simulation result, it remains acceptable at 0.8 mm. However,
the errors in CAC and ANATC were about 100 times their
respective simulation results, approximately 4 and 2.5 mm.
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Fig. 29.  Experiment 1, (a) velocity reference tracking and (b) velocity
tracking error in the experimental PMSM-powered EMLA.

Their tracking errors in the simulation were acceptable; how-
ever, the observed position errors of CAC and ANATC in
the experiment may pose challenges, especially when the
number of PMSM-powered EMLA prototypes implemented
in an integrated HDRM system increases, affecting the error
of the manipulator’s end effector in the task space. Thus,
the noted accuracies confirm that the robustness and control
performance of the RSBA framework surpassed those of the
other two control algorithms.

Fig. (29) illustrates the tracking of linear velocity. The
enlarged image of this figure highlights the frequent changes
in the linear velocity data of control-applied EMLA every
0.01 s, demonstrating the effects of high-frequency load fluc-
tuations on the received velocity data; regardless, Fig. (28)
confirmed the effectiveness of the proposed RSBA control
framework, achieving smooth position control. Similar to the
linear velocity, the motor torque generated by the experi-
mental RSBA-applied PMSM-powered EMLA is depicted in
Fig. (30). This figure highlights frequent fluctuations intended
to compensate for fluctuating load forces. It confirms that the
torque remains within the nominal value (37 Nm). Despite
frequent changes in load force, affecting torque and velocity,
Fig. (28) validated the quick response and robustness of
the RSBA control, which ensured smooth positioning of the
experimental EMLA.

B. Experiment 2: The High Velocity and Load Condition

The second experiment assumed that the EMLA would
track the same desired linear position but at a nominally high
velocity of 0.03 m/s, under the heaviest load from the previous
experiment, starting at 70 kN. Fig. (31) illustrates the load
force applied to the EMLA during the experiment. It clearly
shows that the load is not constant and frequently changes,
with a 5-kN amplitude, due to the vibration from the EHA
affecting the EMLA. The fluctuations in load could prove
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Fig. 30. Experiment 1, motor torque generated in the experimental

PMSM-powered EMLA.
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Fig. 31. Experiment 2, the load force applied to the experimental
PMSM-powered EMLA.

advantageous, as the regular alterations could better mimic the
actual load conditions found in off-road settings where a multi-
DoF PMSM-powered EMLA-actuated HDRM is designed to
function.

We investigated the performances of the same control
strategies that were compared in Sections IV-B and V-A.
Fig. (32.a) illustrates the EMLA’s tracking of the desired linear
position, which RSBA, CAC, and ANATC controlled in the
same experiment. Each of the three control algorithms was
able to manage the experimental EMLA, albeit with notable
differences in performance. These variations are illustrated in
(Fig. 32.b), which shows the tracking errors for each control
algorithm.

Fig. (32.b) presents the linear position tracking errors:
0.0008 m for RSBA control, 0.004 m for CAC, and 0.0025 m
for ANATC, which were close to the Experiment 1 results
provided in Fig. (28.b). Similarly, the performance of the three
control algorithms deteriorated in the experiment compared
to the simulation results (see Figs. 11, 16, and 21). Because
the error in the linear position tracking of RSBA control,
CAC, and ANATC in Experiment 2 roughly matched that of
Experiment 1, as visualized in Fig. (28.b), it could validate
the robustness of all three control algorithms in different con-
ditions but with significantly different accuracy tracking. Like
in Experiment 1, the position errors observed with CAC and
ANATC in Experiment 2 could present difficulties, particularly
as the number of PMSM-powered EMLA prototypes in an
integrated HDRM system grows. This increase may impact
the accuracy of the manipulator’s end effector within the task
space. Thus, the noted accuracies confirm that the robustness
and control performance of the RSBA framework surpassed
those of the other two control algorithms.



