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Abstract

Precise and smooth actuation is a central requirement in surgical robotics, where small
tracking errors or oscillations can directly affect task quality and safety. This paper studies
the control of an induction-motor-driven surgical joint using a sliding-mode strategy en-
hanced by fractional-order operators and implemented within a DTC-SVM structure. The
motivation is to improve motion smoothness and disturbance rejection without sacrificing
the fast dynamic response offered by direct torque control. A dynamic model of the actuator
is developed by combining the electrical equations of the induction motor with the mechan-
ical dynamics of a robotic joint, including inertia, viscous friction, gravity-induced torque,
and Coulomb friction. Fractional-order sliding surfaces are introduced for both position
and flux regulation, and the closed-loop stability is examined through Lyapunov-based
arguments. Simulation results show accurate trajectory tracking with limited overshoot and
smooth transient responses. The motor speed remains well regulated, while stator flux and
currents stay within admissible bounds. The electromagnetic torque adapts to load varia-
tions with reduced ripple, and the rotor pulsation remains bounded. Within the limits of
numerical evaluation, these results indicate that the proposed fractional-order sliding-mode
DTC-SVM scheme is suitable for precision-oriented surgical robotic actuation.

Keywords: surgical robotics; fractional-order differentiation; sliding mode control;
induction motor; DTC-SVM

1. Introduction

Medical robotics has gradually altered the way many surgical procedures are per-
formed, especially in applications that require high-precision positioning and careful tool
manipulation [1,2]. In such settings, the actuation units play a decisive role, as they must
deliver precise torque and position responses while remaining in contact with the soft
tissues and being exposed to varying interaction forces [3]. These practical constraints
directly affect both the mechanical design of the actuators and the selection of convenient
control strategies.

From a motor-drive perspective, induction motors (IMs) are often considered a practi-
cal solution due to their robustness, compact form, and moderate cost compared to brushed
and permanent-magnet drives [4]. However, the nonlinear nature of the motor dynamics,
combined with parameter variations and external perturbations, can degrade motion qual-
ity if they are not adequately compensated [5,6]. Achieving stable and smooth actuator
motion under such conditions, therefore, remains challenging.
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To address these issues, several nonlinear control approaches have been considered
for IM-driven. Proportional-integral-derivative (PID) controllers and integer-order sliding
mode control (SMC) are still widely used because of their simplicity and a certain degree
of robustness. Their shortcomings become apparent when operating conditions deviate
from nominal values, as uncertainties can lead to insufficient disturbance rejection, torque
oscillations, and chattering, which are undesirable in delicate surgical tasks. These limita-
tions have prompted interest in alternative control formulations that are better suited to
uncertain environments [7].

From a control-theoretic viewpoint, fractional-order methods have attracted attention
as a means of improving robustness and transient shaping. In particular, fractional-order
sliding mode control (FOSMC) has been investigated to enhance control performance, as
fractional differentiation provides an additional tuning degree of freedom. By introducing
memory effects into the control law, this approach enhances robustness and adaptability
while reducing the chattering typically observed with classical SMC schemes [8,9]. This
property is particularly relevant for minimally invasive surgical procedures, where smooth
actuator motion and well-shaped transients are required. Recent studies further suggest
that FOSMC strategies retain the robustness of classical SMC while offering improved
performance in the presence of uncertainties and disturbances [10].

Beyond methodological developments, FO and adaptive sliding mode control strate-
gies have been reported in various robotic and electric-drive applications. Adaptive FOSMC
has been applied to nonholonomic mobile robots, resulting in improved tracking accuracy
and robustness under uncertain conditions [11]. In motor-drive applications, combining
FOSMC with disturbance observation or compensation techniques has been shown to
improve transient behavior and reduce torque and speed ripple when compared with
conventional SMC and PI-based controllers [12]. These results underline the interest of
fractional-order approaches for demanding electromechanical systems.

In robotic applications, and particularly in surgical robotics, fractional-order and
sliding-mode strategies have been explored to improve precision and safety. FOSMC
has been extended to multi-degree-of-freedom robotic manipulators, confirming the rele-
vance of fractional-order formulations for high-precision and safety-critical robotic appli-
cations [13]. Comparative studies further indicate that FO control strategies can surpass
conventional approaches in terms of tracking accuracy and robustness for nonlinear robotic
platforms, which supports their relevance for surgical robotics [14].

A broader literature has examined fractional-order control from adaptive and PID-
based viewpoints. In Ref. [15], a fractional model reference adaptive control scheme
is proposed using incommensurate adaptation laws applied to both the plant and the
reference model, with stability analyzed through frequency-distributed representations of
fractional integrators. A related adaptive approach is presented in Refs. [16,17], where a
fractional PID controller is applied to flotation processes in copper extraction via MRAC,
although stability is not explicitly addressed. An overview of fractional-order controllers
and their applications in robotics and power electronics is given in Ref. [18], highlighting
the limitations of conventional PID schemes and the performance improvements obtained
with fractional-order PID structures.

In Ref. [19], a FOSMC is developed for a fractional-order SEPIC converter, showing
improved transient behavior compared with classical SMC. The impact of fractional-order
operators in sliding mode schemes is further analyzed for the speed control of perma-
nent magnet synchronous machines in Refs. [20,21], where improvements in tracking
performance and robustness are reported. Parameter tuning strategies for integer- and
fractional-order PID-type controllers are discussed in Ref. [22], although disturbance rejec-
tion is not the main focus of that study.
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More elaborate control structures combine FOSMC with intelligent techniques. In
Ref. [23], an adaptive fuzzy logic controller optimized for fractional-order sliding is pro-
posed for nuclear reactor power regulation. FOSMC approaches have also been applied
to nonlinear robotic manipulators. In particular, Ref. [24] studies a 3-DOF surgical robot
subject to uncertainties by combining robust SMC, fractional-order PID, and fuzzy logic
to reduce chattering. Similarly, Ref. [25] proposes a fuzzy-smoothing FOSMC for surgi-
cal robots and reports improved tracking performance compared with classical SMC for
time-varying nonlinear trajectories. Related work in Ref. [26] applies FOSMC to robotic
manipulators to limit energy losses and mechanical wear caused by chattering.

FOSMC has also been explored outside robotics, including epidemiological mod-
eling [27], rehabilitation robotics [28], and aerospace systems affected by disturbances,
actuator faults, and communication delays [29]. Taken together, these contributions high-
light the ability of fractional-order and sliding mode techniques to improve robustness
and tracking accuracy while reducing chattering. However, most existing studies remain
application-specific or rely on complex hybrid designs, and systematic quantitative com-
parisons with classical SMC, as well as detailed sensitivity analyses of fractional-order
parameters, remain limited and not clearly explained.

Motivated by the previous observations, this work proposes a comprehensive
FOSMC-DTC-SVM control architecture for induction-motor-driven surgical robotic actua-
tion. In fact, unlike existing FOSMC-DTC-SVM frameworks, which are mainly developed
for speed control based on a second-order outer-loop model, the present study addresses
position control using a third-order nonlinear dynamic system. Consequently, previously
reported control laws cannot be directly applied, prompting the development of a novel
FOSMC controller specifically designed to handle higher-order nonlinear position dynamics.

The proposed approach explicitly examines the role of the fractional-order term in the
sliding surface, provides quantitative comparisons with classical integer-order SMC, and
evaluates robustness under significant parameter perturbations.

The principal contributions of this study are summarized as follows:

¢ A fractional-order sliding mode control formulation is developed for induction-motor-
driven surgical actuators, where fractional-order operators are embedded on both the
position and flux sliding surfaces to improve robustness, motion smoothness, and
tracking accuracy under nonlinear dynamics and uncertainties.

*  The proposed strategy combines FO-SM control with a DTC-SVM scheme within
a single structure, enabling torque and flux regulation while maintaining a fixed
switching frequency. This design helps to limit chattering and promotes smoother
actuator motion, which is important in safety-critical surgical applications.

e The proposed approach is assessed by comparing it with classical integer-order sliding
mode control under identical conditions. Variations in load torque and rotor resistance
are considered.

This paper is organized as follows: Section 2 describes the dynamic model of the
IM and its mechanical coupling with a surgical robotic joint, including the main physical
effects relevant to medical actuation. Section 3 demonstrates the proposed control strategy
based on fractional-order sliding mode control combined with DTC-SVM. The simulation
results and their discussion are presented in Section 4. The paper ends with concluding
remarks and perspectives for future work.

2. Surgical Robotic Actuation System

Figure 1 illustrates the global control structure of the fractional-order DTC-SVM strat-
egy applied to an induction-motor-driven surgical actuator. The proposed architecture
relies on a fractional-order position controller in the outer loop, while torque and flux are
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regulated in the inner loops through a DTC-SVM scheme. Stator flux and electromagnetic
torque are estimated online to directly select the inverter switching states, while preserving
a fixed switching frequency. The introduction of fractional-order terms introduces mem-
ory effects that enhance robustness against modeling inaccuracies and load disturbances
commonly encountered during surgical manipulation.

—
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Figure 1. Block diagram of FODTC-SVM position control for the surgical robotic actuator.

More precisely, the outer-loop fractional-order position controller converts the position
tracking error into a reference speed command, which is then fed to the inner DTC-SVM
loops. These inner loops control the electromagnetic torque and stator flux based on real-
time measurements of stator currents and rotor speed, ensuring fast transient behavior
and bounded electrical variables. The resulting voltage reference vectors are applied
to the inverter through the SVM block, producing the corresponding switching signals.
This hierarchical control structure assumes standard sensor availability and real-time
computation and reflects a practical, implementable architecture for induction-motor-
driven surgical robotic actuation.

2.1. Notations

For x = l 1| e R2:

X2
. , L
signy= | BV o | = | T (arsigne = | TSR )
sign xp ESA || 2|7 sign x
and:
[[x[|1 = [xa] + [xal, |[[x]7]] = [x1]" + [x2]” )
1

2.2. Induction Machine with DTC-SVM Design

The dynamic model of induction motors can be described using space variables as
follows [30,31]:
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%‘Pas = —Rsigs + Uas
%fPﬁs = —Rsips + vp;s )
Loy = —NyOQup — Reis
G5 = Nt i

The subscripts 7 and s correspond to the rotor and stator, respectively, while & and p

denote the components in the («, §) reference frame. The symbols ¢, i, and v stand for flux,

current, and voltage, respectively. The parameters R, and R; represent the rotor and stator

resistances, and (), denotes the mechanical speed of the machine, which is linked to the

slip speed through the relation ws — wy = N,Q)y,, where N, is the number of pole pairs.
The relationships between currents and fluxes are:

(,brxs - esias + Ersiocr
(,brxr = ‘gsrizxs + Eriocr
T el 4)
47/3r = Esrl‘Bs + grllBr
47/35 = gsi‘Bs + grsi‘Br
Using ¢s and ¢, for the stator and rotor inductances, and ¢, = /s for the mu-
tual inductances.
The electromagnetic torque can be represented by the following equation:
T. = Np (Gbacsiﬁs - Gbﬁsiocs) (5)

The DTC-SVM block diagram retains the main benefits of the traditional DTC method,
including the elimination of coordinate transformations and the achievement of rapid
torque and flux control. A Space Vector Modulation (SVM) block generates pulses for the
inverter, guaranteeing a consistent commutation frequency [32].

2.3. Mechanical Dynamics

The actuation subsystem of a surgical robot often relies on a high-precision induction
motor (IM) coupled with a harmonic drive reducer. The mechanical behavior of this
actuator can be represented by the following equations:

dQ)
]mTtm'f'BQO = Te_TL/ (6)
de
- o 0

where J;; and B, denote the inertia of the rotor and the viscous friction coefficient, respec-
tively. The variables T, T}, (), and 8, correspond to electromagnetic torque, load torque,
angular speed, and angular position of the motor shaft.

2.4. Load Torque Model for Surgical Applications

In the context of surgical robotics, the actuator drives a lightweight, compliant manip-
ulator via a high-ratio gear transmission. The total load torque acting on the motor shaft
can be expressed as

T (Qun, Oy Om) = JegQum + BegQun + kg sin(6) + k¢ sign Q, ®)
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where J,; and B, represent the equivalent inertia and viscous friction referred to the
motor side, while k¢ and k f denote the gravitational and Coulomb friction coeffi-
cients, respectively.

This formulation follows classical rigid-link robotic modeling approaches widely
used for electric actuator-robot interactions, where gravitational, viscous, and Coulomb
friction effects are included to capture dominant mechanical phenomena in joint-level
dynamics [33,34]. Similar load torque representations have also been adopted in simulation-
based studies of surgical and medical robotic actuators [35,36].

2.5. Representative System Parameters
A typical surgical joint actuator can be characterized by the following parameters:

e  Gear ratio: G = 100 (harmonic drive)
e Link mass and length: m; = 0.8 kg, L = 0.25 m, center of mass L, = 0.12m

e  Gravitational acceleration: g = 9.81 m/s?

mng

e Linkinertia: Jjjp = ~ 1.67 x 1072 kg:m?

e  Reflected link inertia: Jjinym = J énzk = 1.67 x 107 kg'm?

e Motor inertia: J; = 1.2 x 10~# kg-m?

e Equivalent inertia: ] = 1.22 x 10~# kg-m?

¢  Equivalent damping: B,; = 1.0 x 107> N'ms/rad
e Coulomb friction: kf = 2.0 X 102 N'm

mz(g;LC ~ 9.42 x 1073 N-m

*  Gravitational torque: ky =

The above numerical values are selected as representative parameters commonly
reported for lightweight robotic joints and surgical manipulators equipped with high-
ratio transmissions. They are not intended to correspond to a specific commercial system,
but rather to provide a realistic and reproducible simulation environment for controller
evaluation, as adopted in related robotic control studies [33,34].

2.6. Numerical Expression

By substituting the above values into (8), the load torque becomes:

Tr (O, Qun, Q) = 3.02 X 10740y +3.0 x 1072 Qyy +9.42 x 1072 sin by, 4 2.0 x 1072 sign Q. 9)

2.7. Complete Dynamic Model

The final form of the motor-side dynamics is:

dQ
Tt’" =T, - T, (10)
with:
Ty = f(Om, Q) = BegQun + kg sin 6y, + kf sign () (11)

where the parameters |, B¢y, k¢, and k ¥ take the numerical values listed above.

Although the present study focuses on simulation-based evaluation, experimental
identification and validation of load parameters on real surgical robotic hardware constitute
an important direction for future work. Such validation would further refine the parameter
values and enable assessment of the model’s accuracy under physical interaction conditions.

https://doi.org/10.3390/ fractalfract10030193


https://doi.org/10.3390/fractalfract10030193

Fractal Fract. 2026, 10, 193

7 of 24

Dy 7g(t)

#40)

3. Proposed Fractional SM Controller
3.1. Background on Fractional Computing

Several formal definitions of fractional-order differentiation are available in the liter-
ature, including the Riemann-Liouville, Griinwald-Letnikov, and Caputo formulations,
which are widely used in theory and applications [37-39].

In this study, the Caputo definition is adopted to express the fractional-order derivative
and integral of a function g(t) for orders o € (0,1):

= 1"(1(7)/(:(tv)0_1 g(v) do (12)
= DHD; (1)) 13)
_d 1 t Y 1 f o 48

~ Gl [0 s w] = s [0 e (19

with the I' function: -
T(y) = / 1ot gy (15)
0

Consider a fractional-order Caputo system [37]:
Dy X(t) = F(t, X(t)) (16)

where F : [0,00[xV — R" is piecewise continuous in t, V C R" is a domain containing the
equilibrium point X = 0, [F(¢,0) = 0], and ¢ €]0, 1].
Using Lyapunov theory, the asymptotic stability for system (16) is provided as follows:

Theorem 1 ([37]). For the nonautonomous fractional-order system described by Equation (16),
where X = 0 represents the equilibrium point, we assume the existence of a Lyapunov function
V (¢, X(t)) which is positive definite satisfying the following condition:

DYV(LX(#) < —r [ X(#) |l (17)
where o €]0,1]. Then, system (16) is locally asymptotically stable around X = 0.

Lemma 1. Let F(t) € R" be a continuous function and Q a positive matrix of order n. Then for
all t > 0:
DY FT(t)QF(t) < 2F(t)"QD{F(t), Vo € [0,1] (18)

3.2. Angular Position Control

The angular position is described by the following equations in DTC control:

db,,
o
(@
— _ 19
At Te Tf ( )
dT,
Td—:—i—Tg = Awy
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This gives:
.. 1 . . 1 1 . .
O = Qp= 7(Te —T,) = ]—T(Aw, —Te) — T(Bqum + kg cos Oy
1/B
= —(Aw,—T,)— I(}”(Te — Ty) + kgQy cos em) (20)
Then: B ' A
1
eq g _
Gm + ]T(Te - T[) "— FT(; + TQm cOos 9;11 — F(Ur (21)
Let us consider 6, the desired position of the motor, and the following errors:
e = 6un—06y (22)
e = é+age (23)
with the sliding function defined as follows:
s = é+ae+azD; e (24)
a1, ap and a3 are positive scalars, and 0 < ¢ < 1.
The control law is expressed in such a way that we have:
$ = —(A + Azls|]7)signs — Ags (25)
where A1, Ap and A3 are positive scalars and 0 < ¢ < 1.
Since we have:
€+ (a1 +ap)é +a1axé 4+ a3D; e = —(A1 + Azls|?) signs — Aps (26)
this gives
T[1 B .
wy = 1 [TTe + %(Te —Ty) + kb cos Oy

+] <9';,;d— (a1 +a2)é—u1a2é—a3D}{(é+a16) —(A1+A3]s]7) signs—)\zs)] (27)

Theorem 2. The control law defined by equation (27) ensures that the angular position error e
defined in Equation (22) goes to 0 asymptotically.

Proof. Now, let us define the following sliding function:

Vi(s) = % s* (28)
Its differential with respect to time is:
dVy ; +1 2
ke ss=—(Aqs| +A3]s|7T) —Aps” <0 (29)

This ensures that the sliding function s approaches zero as time t increases.

Now, we should demonstrate that when the system reaches the sliding surface s = 0
and remains on it, the error converges to zero, thereby affirming the system’s good tracking.
For that, we can write:

D{s=0 (30)

https://doi.org/10.3390/fractalfract10030193
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thus:
é¢+ae+azD; e =0 (31)
and:
DY [¢ + aze] = —aze (32)
Let us define the second Lyapunov function:
R SRR S G v ey 2
V(e &) = SHBE+S D, (¢ + ane] (33)
Its time derivatives:
Vo(e, &) < azeé+ [+ ape] DY [¢+4 are]
N———
=—az &
= —maze> <0 (34)
This shows that e converges to 0.
When ¢ = 0, we have:
é= —aqe (35)
Consider a third Lyapunov equation:
Ly
Vs(e) = ¢ > 0 (36)
Its time derivative:
Va(e) = ée = —aje? = —2a; V3(e) < 0 (37)

This shows an exponential stability and an exponential convergence to 0 of the errore.  [J

3.3. Flux Control

The flux vector ®s is controlled by the stator voltage vector Vi and is described by the
following differential equation:

dd
= Ve Rels (38)
Let us define the sliding function [40]:
S¢ = ey +ag Dy ey (39)

where ag > 0,y = ® —®;and éy =  — d; = d. o belongs to |0, 1[. The desired trajectory
is defined by: ®; = 1Wb and ®; = 0.
The goal is to determine the adequate control, assuming that:

Sp = —[(p1 + palsp|”) signsy + pasy] (40)
u1 > 0and pp > 0. This results:
ép+ a0 D} Tep = — (15 Sign sy + pagSe) (41)

Then:
Ve = RoIs + D4 — ag D} e — [(41 + 3lsg| ") signsy + pasg) (42)

where p1, y2 and p3 are positive scalars and 0 < ¢ < 1.
This result guarantees that the system state reaches the sliding surface sy = 0.

https://doi.org/10.3390/ fractalfract10030193


https://doi.org/10.3390/fractalfract10030193

Fractal Fract. 2026, 10, 193

10 of 24

Theorem 3. Consider the system denoted by (38) and the suggested sliding function (39). The
control law guarantees the asymptotic stability of the closed-loop system (42).

Proof. First, we should demonstrate that the system’s trajectory reaches the sliding surface
sy = 0. For this, we should demonstrate that the norm of s is a strictly decreasing function
of time. Then, we consider the subsequent Lyapunov function:

1
V4(S(p) = E S£ S¢ (43)

Its time derivatives are:

|S¢|'Y+1

Vi(sg) = sgsp = — g llsgllt — 3 — p2g 5§ ¢ <0 (44)
1

When the system remains at the surface s, = 0, we can write D{'sy = 0, so:
D?e(p = —aoey (45)

To ensure that the trajectory error converges to zero, let us consider the Lya-
punov function:

1
V5 (6'4;) = Eege(p (46)

Its time fractional derivatives are given by:
D{Vs(ep) < —eg Dfey = —ag eg; ep <0 (47)
Then, the system converges to its desired flux trajectory with asymptotic stability. [

4. Simulation Results and Discussion
4.1. Comparison with Existing Control Strategies

The proposed fractional-order sliding mode DTC-SVM controller is quantitatively
compared with commonly used control strategies for induction motor-driven robotic
systems. Conventional PI-based DTC-SVM schemes exhibit increased torque ripple and
slower dynamic response under load variations, while integer-order sliding mode control
improves robustness at the expense of chattering effects [41-44]. Fractional-order controllers
help alleviate these shortcomings by introducing memory effects that improve motion
smoothness and transient response [7].

The simulation parameters expressed in SI are: a1 = a; = 10, a3 = 90.79, A; = 200,
Ay =400, A3 =40, a9 = 20, 1 = 50, pp = 100, 3 = 20, and ¢ = 0.5.

4.2. Discussion on as

Let us discuss the parameter a3 of the sliding function s in Equation (24). First, we
have defined ¢ in terms of the error e (Equation (23)). When € = 0, the dynamical behavior
of the error is described by the following characteristic equation:

p+a; =0 (48)

where p is the Laplace operator. The error ¢ converges to 0 with the dynamical behavior
of e"*. However, when the sliding function s becomes 0, the dynamical behavior of ¢ is
described by the following characteristic equation (Equation (24)):

p+ay+azp? =0 (49)

https://doi.org/10.3390/ fractalfract10030193
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In our case, we have chosen ¢ = 0.5. The solution of the last equation is complex and can
be written as:

p=r elf (50)

s : . . . .
r > 0and - < 6 < 7. In this case, the dynamical behavior of the system is equivalent to

a second order with a damping factor z = — cos§ and a non damping pulsation w, = r.
This gives the following equations:

0
rcosf)—l—az—l—%cosizo (51)
rsinQ—j/?’;sing:O (52)
This gives the following relations:
—__
"= 1+42cosf ®3)
az = 2r+/r cos g (54)

Figure 2 presents the evolution of the parameter a3 in terms of the argument of the
complex root of Equation (49), as well as the evolution of its non damping pulsation.

100
as 0= %7‘(‘
a9 = 10
az = 90.79
S0r r=24.142 )
z=—cosf = g
0 | | | |
0.75 0.8 0.85 0.9 0.95 1
25
0= %77
a9 = 10
20 as = 90.79
r = 24.142
15 z=—cosf = 5
10 ‘
0.75 0.8 0.85 0.9 0.95 1

SYES

Figure 2. Evolution of the best parameter a3 in terms of the argument 6, as well as the evolution of
the non damping pulsation w, = r of the complex root of Equation (49).

1
In order to have good performances, the damping factor should be: z = — cos 0 > 7

3 1
that is Tn < 0 < 1. However, for z = 7 the torque present high pick. For that, we

choose a3 = 20, giving a damping factor z = 0.9782 and an acceptable pick of the torque.

Figure 3 presents the evolution of the parameter 6 as well as the evolution of the non
damping pulsation in terms of the gain a3. The best case consists of choosing 6 = 3T as
shown in this figure in dashed lines.
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Figure 4 presents the evolution of the parameter a3 as well as the evolution of the non
damping pulsation in terms of the gain ay, for the best case § = 3. The best values of a3
and r for a, = 10 are shown in this figure in dashed lines.

g T T T T T T T T
T 0= %ﬂ'

as =10

as = 90.79

r=24.142

100
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o
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as = 10 |

a3 = 90.79 \
r=24.142 }

- 2= —cosf =12 I
\

\

10 20 30 40 50 60 70 80 90
as

100

Figure 3. Evolution of the argument 6 and the module r of the complex root of Equation (49) in terms
of the parameter a3.
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z=—cosf = @
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N r = 24.142 i
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r
[ R e as =10
asz = 90.79 r=24.142
1 1 1 1 X 1 1 1 1
0 2 4 6 8 10 12 14 16 18
as (rad/s)

20

Figure 4. Best parameter a3 in terms of parameter a, of the complex root of Equation (49), as well as
the evolution of its non damping pulsation w;, = r.

4.3.

Obtained Results

Figure 5 shows the response to the actuator angular position. The measured motor

position 6, closely follows the reference trajectory 8; over the entire simulation horizon.
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The transition phases are smooth, and the steady-state error is negligible, reflecting the
effectiveness of the proposed position control for precision-oriented surgical operations.

Actual position
— — — - Desired position

O, (radl)

1.5F

0.5
0
1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
16 T T T T T T T T T
0, (rad) e e prpep
- (b)
1.5 - - i
1.4 Pad - Actual position | -
e — — — - Desired position
- 1 1 1 1 1 1 1 1 1

7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Time t (s)
Figure 5. (a) Tracking of the desired angular position 6; by 0,;, (b) Zoom of the desired angular
position 6; by 0y,.

The associated angular speed response is presented in Figure 6. The motor speed
closely follows the reference command, with smooth acceleration and deceleration phases.
The absence of sharp transient peaks helps limit mechanical stress on the actuator.

T
i, (rad/s) Actual speed
0.2 Ir — — — - Desired speed |
| (a)

0 = [
I [
| [

02} | i
1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18

0.25 T T T T T T T T

Actual speed

0.15

— — — - Desired speed

0.9

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Time ¢ (s)

Figure 6. (a) Angular speed );; and the desired angular speed ), (b) Zoom of angular speed (),
and the desired angular speed ;.
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Figure 7 shows the evolution of the magnitude of the stator flux. Following a short
transient phase, the flux converges to its reference and remains tightly regulated over the
operating interval, indicating stable, robust behavior of the flux control loop. In particular,
the desired flux level is reached after approximately 6.3 ms.

This fast convergence is promoted by including the nonlinear term p3sy|? sign(sg)
in the expression of sy, as defined in (40). The presence of this term enforces finite-time
convergence of the sliding variable, as discussed in [38,45].

0.6 y (Wb')

0.4 .

0.6

0.4 .

0 0.005 0.01 0.015 0.02 0.025 0.03 0.085 0.04 0.045 0.05
Time t (s)

Figure 7. (a) Amplitude of the stator flux |¢s|, (b) Zoom of the stator flux |¢s].

The stator current waveforms are shown in Figure 8. The three-phase currents remain
well balanced and nearly sinusoidal, indicating stable electromagnetic operation and
efficient power use.

Figure 9 illustrates the transient behavior of the stator currents during the establish-
ment of the flux. During this phase, the amplitudes of i, i35, and is increase as the flux
builds up and reach their maximum values when the desired flux level is attained at ap-
proximately 6.3 ms. Once the flux is settled, the current amplitudes decrease and converge
to their steady-state waveforms.

Figure 10 presents the stator voltages produced by the SVM inverter. The voltage
waveforms exhibit regular switching behavior and remain within their nominal limits,
confirming stable and reliable inverter operation under the proposed control approach.

The electromagnetic and load torque profiles are presented in Figure 11. The electro-
magnetic torque adapts smoothly to load torque variations, maintaining consistent force
transmission with minimal ripple. This contributes to smooth mechanical motion and
reduced wear during robot surgical system actuation.
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Figure 8. (a) Stator currents iz, (b) ips, and (c) ics.
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0 0.01 0.02 0.03 0.04 005 006 007 008 0.09 0.1
0 N T T T T T T T T
ps (Ab
(b) .
1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0 . T T T T T T T T
Tes (A)
ok (c) T
4 _
1 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time ¢ (s)

Figure 9. (a) Stator currents igs, (b) iy, and (c) ics, during the start-up.
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-100

100

_100 Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18

Time ¢ (s)
Figure 10. (a) Stator voltages Vs, (b) V}s, and (c) Vis.

4 T T T T T T T T
T, (Nm
em (Nmm) Electromagnetic torque
ol — — — - Load torque _
0 i
. -
_4 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time ¢t (s)
Figure 11. Electromagnetic torque T,;; and load torque T).
Finally, Figure 12 illustrates the rotor pulsation over the simulation interval. The signal

remains bounded and exhibits stable behavior throughout the operating range, which
reflects the robustness of the inner control loops and the overall reliability of the system.

50 w,,, (radl/s) T T T T T T T
0 -
_50 Il Il Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18

Time ¢ (s)

Figure 12. Rotor pulsation w;.
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The picks presented in the curves of the electromagnetic torque (Figure 11) and the
rotor pulsation (Figure 12) are caused by sudden variations of the desired speed.

To complement the qualitative time-domain observations, key performance indices
were computed from the simulation results and are reported in Table 1. These metrics
provide a quantitative evaluation of tracking accuracy, transient behavior, and signal
boundedness under the proposed control scheme.

Table 1. Performance indicators obtained from simulation results

Performance Metric Value Unit
Maximum position error R 1.5 x 1073 (rad)
Settling time R 0.35 (s)
Maximum torque ripple ~ 0.8 (N-m)
Flux settling time ~ 6.3 (ms)
Maximum current peak S 120 (A)

The simulation outcomes suggest reduced oscillatory behavior and smoother torque
profiles when compared with classical integer-order sliding mode control schemes com-
monly reported in the literature [45]. In particular, bounded rotor pulsation and limited
torque ripple Suggest improved motion continuity, which is essential for surgical robotic
applications.

In order to check the robustness of the proposed controller, we have applied +20% to
the load torque and 4-50% to the resistance of the rotor caused by heating.

The results obtained are presented in Figures 13-15. It is clear that the sys-
tem follows its desired trajectory (Figures 13a and 14a) with slightly slower dynamics
(Figures 13b and 14b). This is caused by an increase in the torque load. Moreover, the
torque becomes 1.2 times larger compared to the unperturbed case (Figure 15). The rest of
the variables (flux, currents, voltages, etc.) are insensitive to these perturbations.

Actual position
— — — - Desired position

|5 O (rad)

0 2 4 6 8 10 12 14 16 18

14+ L Actual position |
- — — — - Desired position
Il Il Il Il Il Il Il Il
7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Time t (s)

Figure 13. (a) Angular position 8;; and the desired position 6, (b) Zoom of angular position 6,, and
the desired position 8, considering +20% on the load torque and +50% on the rotor resistance.
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T T T T T T T
£ (ra&/ 5) Actual speed
0.2 ‘r — — — - Desired speed |
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[
[
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1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
0.25 T T T T T T T T

Actual speed
— — — -Desired speed | |

0.15

|
|
|
|
|
|
|
] 1 1 1 1 1 1 1
1

0.9 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Time ¢ (s)

Figure 14. (a) Angular speed (), and the desired angular speed ), (b) Zoom of angular speed ),
and the desired angular speed (), considering +20% on the load torque and +50% on the rotor

resistance.
4 T T T T T T T T
Ter (Nm
o ( ) Electromagnetic torque
o — — — - Load torque _
0 -
2 h/_
_4 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time ¢t (s)

Figure 15. Electromagnetic torque Te;; and load torque Ty, considering +20% on the load torque and
-+50% on the rotor resistance.

The classical sliding function for the position control is defined as Equation (24) for
which a; > 0 and a3 = 0. In previous papers [40,45], it has been shown that for a3 > 0, the
dynamical behavior and the performances of the systems become better than in the case
where a3 = 0. The same remark can be given for the sliding function for the flux control
(Equation (39)). For the classical approach, we have ay = 0. This causes oscillations in the
flux. In fact, the flux oscillates around its desired value. In previous references, several
authors have added an integral of the error. In this paper, we have considered a fractional
integral of the flux error in order to obtain better performances, as shown in previous
papers [40,45].

In order to show the improvements given by the introduction of the fractional order
term a3D; “¢ present in the expression of the sliding surface s in Equation (24) for the
angular position control 6,,, we have considered the perturbation described above (+20%
on the load torque and +50% on the rotor resistance), and we have varied the parameter a3
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from a3 = 0 (classical sliding mode control) to a3 = 10*. We have defined the following
numerical indices, (for T = 18s the simulation horizon):

The Integral of the Absolute error on the position (IAEf) and on the speed (IAEQY),
expressed in (°) and (°/s), respectively:

IAE®

1 T
7 [ 16— ulat (55)

TAEQ

1 T
T/o QU — Oyl dt (56)

The Integral of Squared error on the position (ISEf) and on the speed (ISE()), expressed in
(°) and (°/s), respectively:

T
ISE0 = \/1/ 16 — 042 dt (57)
T Jo

T
ISEQ = \/zlr/ Qe — Q|2 dt (58)
0

The maximum value Mxw and the minimum value Mnw of the control w;, expressed
in (rad/s).

The maximum value MxT and the minimum value MnT of the electromagnetic torque
Tem, expressed in (Nm).

Tables 2 and 3 show the importance of the fractional order term for reducing all error
criteria on the angular position and on the angular speed. The classical case is represented
by a3 = 0. For small values of the fractional parameter a3, results are similar to the classical
case. High values of a3 decrease these criteria. However, the size of the control w; increases
slightly. This is because this term acts on the sliding function s.

Table 2. Numerical performance criteria IAE®, ISEf, IAEQ) and ISEQ) for different values of a3.

asz IAE®@ ISEO IAEQ ISEQ)

0 1.0626 0.2644 0.2753 0.2056
25 0.6382 0.1600 0.1783 0.1560
50 0.4521 0.1143 0.1320 0.1286
75 0.3485 0.0889 0.1048 0.1116
100 0.2827 0.0727 0.0870 0.1001

Table 3. Numerical performance criteria Mxw, Mnw, MxT and MnT for different values of a3.

as Mxw Mnw MxT MnT

0 32.9265 —28.9888 2.5358 —2.2428
25 32.9349 —29.5419 2.5372 —2.2822
50 33.5205 —30.5378 2.5796 —2.3611
75 34.8642 —32.1287 2.6779 —2.4761
100 38.1966 —36.4648 2.8323 —2.6852

In order to compare the proposed Fractional-Order Sliding Mode DTC-SVM Frame-
work with previous methods such as the Sliding Mode DTC-SVM approach, Figures 16-18
present the obtained results using the Sliding Mode DTC-SVM classical approach.
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Actual position

1.5
— — — - Desired position
1
0.5
0
1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
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6, (rad) T A P
-7 (b)
1 5 B _ - .
1.4 -7 Actual position |
-7 — — — - Desired position
- 1 1 1 1 1 1 1 1 1

7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
Time ¢ (s)
Figure 16. (a) Angular position 6,, and the desired position 6, (b) Zoom of angular position 6,, and
the desired position 6, considering 4+-20% on the load torque and +50% on the rotor resistance, for
the classical SMC approach (a3 = 0).

T T T T T T T
Q. (ra&/ s) Actual speed
0.2 ‘r — — — - Desired speed |
! (a)
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Time ¢ (s)

0.9

Figure 17. (a) Angular speed (), and the desired angular speed (), (b) Zoom of angular speed
0y, and the desired angular speed ();considering +20% on the load torque and +50% on the rotor
resistance, for the classical SMC approach (a3 = 0).
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4 TCT,L (NII'II) T T T T T T : T
Electromagnetic torque
ol — — — - Load torque i
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0 2 4 6 8 10 12 14 16 18
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Figure 18. Electromagnetic torque Te;; and load torque Ty, considering +20% on the load torque and
-+50% on the rotor resistance, for the classical SMC approach (a3 = 0).

Figures 16-18 present the evolution of the angular position 6,,, the angular speed (),
and the torque Ty, in the perturbed case: +50% on the stator resistance and +20% on
the load torque. It is clear that results are sensitive to these perturbations. To avoid such
sensitivity, three conditions should be realized:

*  Parameters a1 and a, should be increased, yielding an increase in the control w, and a
significant increase in the peak of the electromagnetic torque.

*  The sudden variations of the desired speed should be avoided, as it is recommended
in the literature.

*  An adaptive approach estimating the stator resistance and the load torque parameters
can solve this problem.

5. Conclusions

This paper investigated a fractional-order sliding-mode control strategy integrated
with a direct torque control and space-vector modulation framework for induction-motor-
driven surgical robotic actuators. A comprehensive dynamic model was formulated to
represent both the electrical characteristics of the induction motor and the mechanical
behavior of a robotic joint, including the effects of inertia, friction, and gravity-related load
relevant to medical applications.

The proposed control structure combined the robustness of the sliding mode control
with the additional tuning flexibility introduced by fractional-order operators. The stability
of the position and flux regulation loops was examined using Lyapunov arguments, which
support the expected closed-loop behavior from a theoretical standpoint.

The simulation results show that the actuator follows the prescribed motion with good
accuracy and without abrupt transitions. The angular speed remains properly regulated,
and the stator flux, currents, and voltages stay within acceptable bounds during operation.
The electromagnetic torque adapts to changes in the load with limited ripple, while the
rotor pulsation remains bounded, indicating stable operation of the inner control loops.

Taken together, these observations suggest that the proposed FOSMC-DTC-SVM ap-
proach provides a practical control solution that improves motion smoothness, robustness,
and tracking precision, which are important in safety-critical surgical robotic actuation. How-
ever, the present study is limited to simulation-based validation and experimental testing is
required to fully assess the practical feasibility and real-time performance of the proposed
control strategy. Future work will focus on implementing and validating solutions using
hardware-in-the-loop platforms and experimental test benches that involve real induction
motor drives and robotic joints operating under physical interaction conditions. It is also
important to acknowledge certain limitations of the proposed approach. The use of fractional-
order operators may increase computational complexity and require careful tuning.
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Nomenclature

Symbol Description Unit
ag,ay,az,as Sliding surface design parameters -

A Motor constant in torque dynamics -

Bm Motor viscous friction coefficient N-m-s/rad
Beg Equivalent viscous damping coefficient N-m-s/rad
DY Fractional derivative of order o -
D7 Fractional integral of order ¢ -

e Position tracking error (6, — 6,) rad

ep Flux tracking error Wb

G Gear ratio -

g Gravitational acceleration m/s?
igs, 1 Bs Stator current components A

lor, gy Rotor current components A

Jm Motor inertia kg-m?
] Equivalent inertia of actuator kg-m?
k 5 Coulomb friction coefficient N-m
kg Gravitational torque coefficient N-m
Ig Stator inductance H

I Rotor inductance H

lys Mutual inductance H

mp Link mass kg

Np Number of pole pairs -

Rq Stator resistance (@)

R, Rotor resistance (@)

s Sliding surface for position control -

S¢ Sliding surface for flux control -

Te Electromagnetic torque N-m
Ty Load torque N-m
Vs, Vs Stator Voltage components A\

Vs Stator voltage vector \%

D, Stator flux vector Wb
Pas, Pps Stator flux components Wb
Par, Ppr Rotor flux components Wb
fo¥) Desired stator flux Wb
O Motor angular position rad
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04 Desired angular position rad
O, Mechanical angular speed rad/s
wy Rotor electrical speed rad/s
ws Stator electrical frequency rad/s
A, A2, A3 Position controller gains -

M1, 12, M3 Flux controller gains -

01 Nonlinear sliding gain exponent -

o Fractional differentiation order -
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