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Abstract: This study presents a method to reduce the chattering phenomenon and the
reaching time of sliding mode speed control for switched reluctance motors (SRMs). In
order to simultaneously reduce the chattering phenomenon and reaching time, we propose
a hybrid reaching law (HRL) for sliding mode controller (SMC). Furthermore, to address
the absence of a position sensor, a sliding mode observer (SMO) is integrated into the
proposed HRL-based SMC, enabling accurate estimation of rotor angle and angular speed.
Comprehensive simulation results are conducted to verify the effectiveness of the proposed
method in terms of the reduced chattering phenomenon and reaching time.

Keywords: chattering phenomenon; electric motors; position and speed estimation; sliding
mode control; switched reluctance motors

1. Introduction

Switched reluctance motors (SRMs) have attracted considerable attention in recent
years across various fields, including aerospace, medical equipment, and energy-efficient
home appliances, due to their advantages such as permanent magnet-free design, re-
duced manufacturing costs, simplified motor structure, wide speed range, and high
reliability [1,2]. Despite the simplicity of their operation, SRMs present control challenges
such as the presence of torque ripple and time-varying inductance property. To overcome
these shortcomings, many control methods for SRMs have been conducted, including
sliding mode control (SMC) [3-5], adaptive control [6-8], and torque-sharing function
control [9,10]. Among these methods, SMC offers the advantage of ensuring control perfor-
mance and system stability even in the presence of model uncertainties or disturbances.

SMC basically includes switching gains, which achieve robustness to uncertainties and
determine the speed at which the states converge to the sliding surface. However, when
the switching gain of SMC increases, a severe chattering phenomenon can be caused. One
popular method to reduce the chattering phenomenon is to replace the switching function
with a saturated function [11,12]. Another method is to add a boundary layer to the sliding
surface [13]. This method ensures that all trajectories begin only within the boundary layer
by defining the vicinity of the sliding surface as the boundary layer. In [14], intelligent
complementary SMC was developed using an adaptive learning algorithm to estimate the
lumped uncertainty. In [15], an arbitrary-order SMC was proposed for uncertain single-
input single-output minimum-phase nonlinear systems. In [16], the switching control
signal of the terminal sliding mode observer (SMO) was softened by a low-pass filter.
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In [17], an enhanced exponential reaching law for variable-speed direct-driven wind energy
conversion systems was proposed to reduce the chattering issue. In [18], in order to quicken
the response of the sliding mode control system, a reaching law combining the exponential
and power reaching law was proposed. In [19], a reaching law combined with extended
state observer was proposed in order to optimize the permanent magnet synchronous
motor (PMSM) speed regulation system and reduce the chattering phenomenon. While
these methods can effectively mitigate the chattering phenomenon, it comes at the cost of a
slower reaching time to the sliding surface or a complex control structure.

Meanwhile, to effectively operate SRMs, an accurate position sensor is essential for
applying advanced control methods such as torque ripple minimization. However, as the
resolution of sensors increases, their cost can also significantly rise, making it impracti-
cal to use high-quality sensors. In many industrial fields, the high cost of sensors not
only increases the overall cost of SRM drives but also requires sufficient space for sensor
installation, thereby increasing the volume of the motor and the complexity of the sys-
tem. Consequently, to overcome these drawbacks, various sensorless algorithms have
been studied [20,21]. For example, in [20], the second-order generalized integrator-based
frequency-locked loop was used to estimate the rotor’s angular velocity, and the active
disturbance rejection control-based phase-locked loop was used to estimate the rotor’s po-
sition, improving the system’s robustness under the external perturbation and the dynamic
performance of the system. Ref. [21] adopted SMO using a nonlinear polynomial flux
linkage model to reduce computation cost. However, these methods can be too complex to
design their controllers.

In this study, we propose a hybrid reaching law (HRL) for the sliding mode speed
control of SRMs to achieve two conflicting objectives: reducing the chattering phenomenon
and shortening the reaching time. Specifically, the HRL is newly designed for SRMs by
jointly using terminal reaching and exponential-plus-proportional rate reaching terms.
This newly designed HRL can simultaneously reduce the chattering phenomenon and the
reaching time, regardless of load torque disturbances. Furthermore, to enable sensorless
operation of the SRMs, the proposed SMC incorporates an SMO to accurately estimate the
rotor’s angle and angular speed. This integration of the SMO ensures the robustness of
the system against parameter variations, as both the control and estimation methods are
insensitive to the model uncertainties and external disturbances. Comprehensive simula-
tion results demonstrate that the proposed HRL-based SMC outperforms the conventional
SMC in terms of reduced chattering phenomenon and reaching time, under the various
types of load torque disturbances. Additionally, the proposed control method maintains its
efficacy when integrated with the SMO, ensuring reliable speed regulation even with the
use of estimated rotor angle and angular speed. The main contributions of this study are
summarized as follows:

1.  The study proposes an HRL-based SMC method for the speed control of SRMs,
with the aim of simultaneously reducing the chattering phenomenon and the reaching
time to the sliding surface.

2. To facilitate sensorless operation, the proposed SMC method integrates an SMO that
accurately estimates the rotor’s angle and angular speed, ensuring the robustness of
the speed control system against model uncertainties and external disturbances.

3. The stability and convergence properties of the proposed SMC and SMO are analyzed,
yielding the conditions of parameters that ensure the stability and convergence of
both the SMC and SMO.

4. Comprehensive simulations are conducted to demonstrate the effectiveness of the
proposed HRL-based SMC method in terms of reduced chattering and reaching time,
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and maintain its efficacy when integrated with the SMO for reliable speed regulation
using estimated rotor angle and angular speed.

The remainder of this article is organized as follows. Section 2 illustrates the dy-
namic model of the switched reluctance motor and presents the conventional SMC method.
Section 3 presents the proposed HRL-based SMC method integrated with an SMO. Simula-
tion results are provided in Section 4, followed by the conclusion.

2. Preliminaries

2.1. Dynamic Model of Switched Reluctance Motors
According to the mechanical principles of the SRMs, the mechanical motion equations
of the SRMs can be represented as follows [4]:
6 =w, (1a)
b 1 1

where 6 is the rotor’s angular position; w is the rotor’s angular speed; b and ] are viscous
frictional coefficients and the moment of inertia, respectively; T, and T} are the electromag-
netic and load torques, respectively. In practice, it can be assumed that the magnitude of the
load torque is bounded: |T;| < B, where B is a positive constant. The electrical dynamics of
SRMs can be represented as:

Pr(ix, 0) = Vi — ixRy, (2)

where ¥, Vi, iy, and Ry are phase flux linkage, phase voltage, phase current, and phase
resistance, respectively, for phase k € {a,b, c}. By the integration of (2), we can obtain the
flux linkage as:

t
(i, 0) = /0 Vi(T) — i (1) Ry, 3)

In this study, we assume that the phase currents are measured, but § and w are
not measured.

2.2. Sliding Mode Speed Control of Switched Reluctance Motors
For considering speed control, we set the state variable model as follows:
x;=60-0% (4a)
X = w—w¥, (4b)

where 6" and w™ are the reference position and speed of the rotor, respectively. Substituting
(1), the time derivative of (4) can be obtained as:

¥ =w—w" =x, (5a)
Xzzw:%(Tg—bw—TL). (5b)
From (5), we have
Xy = —l;(x2+w*) + ]Te — %
Z—Z;XQ—F}(Tg—b *)—% (6)
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By defining u = T, — bw™, the state equation from (6) can be defined as follows:
X1 = X2
_ (7)
Xp = Axp + B(u — TL),
where A = —b/], B =1/]. In addition, the sliding surface is given by:
s = xp+1x1, 8

where 1 > 0 is a constant. In SMC, the reaching law is designed to track the sliding surface,
ensuring the control system achieves stable conditions. The following represents a typical
design of $ in conventional constant-plus-proportional reaching law (CPRL) [22].

§ = —esign(s) — As, 9)

where s represents the sliding surface, and sign(s) represents the constant reaching term. A
represents the proportional rate term.

Note that the reaching time to the sliding surface can be reduced by increasing the
value of the parameter e. However, the sign function in the control law induces a chattering
phenomenon, with larger values of € leading to increased chattering effects. Consequently,
there is a trade-off between achieving a reduced reaching time and the chattering effect.
Thus, the goal of this study is to design a novel reaching law-based SMC method that can si-
multaneously achieve an effectively reduced reaching time and the chattering phenomenon
in position-sensorless SRMs.

3. Main Results
3.1. Overview of the Proposed Method

Figure 1 shows the overall diagram of the proposed method. The control inputs and
current measurements are used in the SMO-based position and speed estimator to obtain
the estimates of rotor position and speed. The error between the estimated speed @ and ref-
erence speed w* is then applied to the HRL-based SMC, generating the current reference i
A hysteresis current controller is used for the phase current control, generating gate switch-
ing signals to drive the SRMs using a half-bridge asymmetric converter. In the following
subsections, we present the details on the proposed HRL-based SMC with SMO-based
position and speed estimation, along with their stability and convergence analyses.

. iref
Wl HRL-based ¢ | Half-bridge | vy
j® | sMC x F>®) Current | 7 | 1 vmmetric SRM
o Controller Converter
I
Position
Commutation
Switching Signal
0 Position and
Speed Estimator
I

Figure 1. Overall diagram of proposed HRL-based SMC.
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3.2. Hybrid Reaching Law

We design the time-derivative of a sliding surface s for the proposed HRL as follows:
§— ag _ E( pklxal _
$ m|x1|*s 5 (e 1)5, (10)

wherea > 0,m > 0,¢ > 0,and 0 < k < 1.The proposed HRL consists of two parts:
—m|x1|%s, the terminal reaching part, and — & (k1] — 1)s, the exponential plus proportional
rate reaching part. As the state variable x; included in the reaching law, the reaching
time depends on the magnitude of the state. For example, if |x1] is large, it means that
the system’s state variable is far away from the origin. In this case, if we increase the
reaching coefficient enough, then the convergence process can be accelerated. On the other
hand, when the state variable of the system is relatively close to the origin, the reaching
coefficient needs to be small to avoid undesirable chattering effects. Thus, the proposed
HRL can effectively reduce the chattering phenomenon and achieve a reduced reaching
time simultaneously. Specifically, large 4 and m reduce the reaching time. In addition,
as a increases, the chattering phenomenon is reduced, while m has an opposite effect from
that of a for reducing the chattering. Additionally, c and k marginally affect the reaching
time, while large values of ¢ and k reduce the chattering effect. Therefore, the parameters
a, ¢, k, and m must be appropriately selected to effectively reduce the reaching time and the
chattering phenomenon according to the above guideline.

Now, we derive the control input u for designing s as (10). Taking the time-derivative
of the sliding surface (8) yields

§ = X +nx7. (11)
Substituting (7) into (11) with Ty, = 0, we have
$ = (A+1n)xy + Bu. (12)

Now, we want to design $ as in (10) using the control input u. Using (10) and (12), the input
u is derived as follows:
(A+mn)xy+ Bu = —m|xq|"s — %(ek"‘l' - 1)5
<= Bu = —m|x1|"s — %(ek‘xl‘ — l)s —(A+7n)x

= u= %[—m\xﬂ“s—%(ek‘xl'—1)5—(A+17)x2] (13)

Furthermore, the input torque T, can be obtained as follows by u = T, — bw™:

1
T. = 3 [ —m|x1|%s — %(ekm‘ - 1)5 — (A+1)x2] + bw™. (14)
Since torque can be converted into current (6), the reference current input is written as
in [23]:

iref = VKT, (15)

where K is constant. The operation of SRMs requires each phase current to be applied from
the unaligned position to the aligned position. Thus, during the period when the phase
current is applied, dL(6)/df can be considered constant, implying that K is constant. The
flowchart of the proposed HRL-based SMC is shown in Figure 2.
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Pl x|
X1
Wi
X2
=
1b]

Figure 2. Flowchart of the variable structure of the system parameter .

3.3. Stability Analysis of the Proposed SMC

The proposed HRL-based SMC is initially developed under the assumption that the
load torque T} is equal to zero. To ensure the validity of the proposed method in more
practical scenarios where T; # 0, we present a detailed stability analysis to verify the
robustness of the control system. Define the Lyapunov function candidate as:

Vix) = %sz. (16)

The time derivative of (16) can be obtained as:
V =38 =s(% + 1%1)
=s{(A+n)xo+ Bu—BT.}. (17)

Substituting (13) into (17) yields

V= s{—m|x1|"s — % ekl — l)s — BTL}

< — a Z_E k\xl\ _ 2
< —ml|xy)| k(e 1)s + B|s||Ty|
< _ a 27 E k\xl\ _ 2
< —m|x1|%s k(e l)s + BBs|
- _ o (Kl _ _
|s|({m|x1| +k<e 1)}\s| B,B) <0
Yis| > p. (18)

where p > ] V|x1| > 0. Therefore, s is ultimately bounded. If T} = 0, B is

m|xq \“+%(ek‘xl‘71
zero. Then, s is asymptotically stable as V < 0 Vs # 0.

3.4. SMO-Based Rotor Position and Speed Estimation

Figure 3 illustrates the overall diagram of SMO-based position and speed estimation.
The phase flux linkage is calculated based on the SRM model using phase current, voltage,
and resistance. Then, the estimation of phase flux linkage is obtained using flux observer.
Finally, the sliding mode observer estimates the speed and position of rotors using the flux
linkage estimation errors.
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5 SRM Model — i
Yn Sliding Mode s
Lo — Observer |
' v Eq.(20), 21)and (22) [ 1> @
: Flux " !
E Observer [— i
Vi  Eq.(3) i
' PoﬁﬁonandSpeedEsﬁnuuori
Figure 3. Block diagram of the sliding mode observer.
The sliding mode observer for estimating 6 and w is constructed as follows:
0=+ kgsgn(er) (19a)
@ = kysgn(er), (19b)

where 0 and @& are the rotor’s estimated angle and angular speed, respectively; e is an
error function based on measured and estimated variables. There are many possible error
functions available. According to [24], the error function can be selected as follows:

W
er =Y fu(0) (Yn — n) with f, = G0l (20)
n=1 0=0
where f,(0) = cos(N;0 — (n — 1)27t/ Ny,). Here, N, and Ny, are the numbers of the rotor
and stator poles, respectively; the estimated flux linkage , (ix, %) can be identified and
stored in a lookup table.
Now, we present the convergence analysis of the estimation error of the SMO. Define
the estimation error as:

A

epg=0-—0 (21a)
ew =W — . (21b)
We assume that there exist 7y such that |e,| < 7. This assumption is valid in practice

because the speed of the motor is bounded, and the bound can be readily obtained. By the
time derivative of (21a), we have

e — 9 —0
= w — @ — kosgn(ef)
= ey — kosgn(es). (22)

On the other hand, the time derivative of (21b) yields

by = W — W
b 1
= —Tw + T(Tg —Tp) — kwsgn(eyf) (23)
If k,, is selected large enough, the first and second term of (23) can be neglected [25]. Thus,

(23) can be obtained as:

éw = —kwsgn(er) (24)
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Now, we consider the Lyapunov function candidate V = V; + V,, where V| = %6‘5 and
V, = %eﬁ,. By the time derivative of V;, we have:

Vl = egéy
= €p <€w - kgsgn(ef)) (25)

According to [26], sgn(ef) = sgn(ep). Thus, (25) is represented as follows:

V1 = ep(ew — kosgn(eg))
< —leg| (kg — [ew]) (26)
< —|€9|(k9 — ’Y) <0 Vky> 1. (27)

A

Therefore, we can conclude that ¢y converges to zero. On the other hand, the time
derivative of V;, can be calculated as:

VZ = ewlw

= ey (—kwsgn(ef)) (28)

In addition, when ¢y converges to zero, éy also converges to zero. Therefore, we have
from (22):

0 = ey — kosgn(es). (29)

By substituting (29) into (28), one can obtain:

VZ = Cbw (]Ii:ew)

_ 2 kw
__2 <k9> <o. (30)

Therefore, we have V = V| + V5 < 0 if we choose kg > « and kg > 0 [27].

4. Simulation Results

In this section, comprehensive case studies are presented to verify the effectiveness
of the proposed method. MATLAB/Simulink 2024a was used for conducting simulations.
Table 1 presents the detailed specifications of the SRMs considered in the simulations. To
fully illustrate the performance of the proposed method, a comparison analysis was con-
ducted with the recently published hybrid reaching law in [28] (conv. 1) and conventional
CPRL-based SMC method (conv. 2). For convenience, we recall the reaching law of conv. 1
as follows:

§ = —Aq|xa|"s — Ap|xp|"sign(s). (31)

The parameters for the conv. 1 method were chosen as follows: A; = 168, A, = 250,
a; = 0.6, a3 = 1. The parameters for the conv. 2 method were chosen as follows:
€ = 500, A = 300. The parameters of the proposed method were selected m = 700,
a=1¢c=1 k=005 1n=1K=2, kg =5, and k, = 5000. The sampling time of the
simulation was set as 10 ps. The value of the upper bound of T}, of all simulations was set
not to exceed 0.015 N-m.
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Table 1. Specification of SRMs in the simulation.
Parameters Symbols Values
Resistance R 2[0]
Inertial ] 2.66 x 107° [kgm?]
Friction b 2.44 x 1075 [N-m-s]
Voltage Vie 24 [V]
Maximum Current Lnax 3[A]
Initial Speed wy 20007t /30 [rad/s]

4.1. Speed Tracking Performance

Figure 4 illustrates the speed tracking results by the proposed and conventional
method. The reference speed wy s was set to 2000 rpm for t = 1 s and then increased
by 250 rpm in steps every 0.5 s thereafter, eventually reaching a final reference speed of
4000 rpm. Additionally, the load torque was set to 0.005 N-m. The proposed method
exhibited faster tracking response than that of conv. 1 and conv. 2. Figures 4 and 5,
respectively, show the speed tracking trajectories and tracking errors of the proposed and
conventional methods. It is clear that the conventional methods exhibited large deviations
from the reference speed, whereas the speed controlled by the proposed method exhibited
the faster response, implying that the proposed method outperformed the conventional
methods in terms of the reference tracking. Table 2 represents the integral square error (ISE)
and integral absolute error (IAE) values for the speed tracking errors obtained using the
proposed and conventional methods. The results show that the proposed method achieved
4.23%, 57.93% reduction in ISE and 32.94%, 53.67% reduction in IAE, compared to the
conv. 1 and conv. 2 methods, respectively. Figure 6 shows the trajectory of s. The sliding
variable s of the proposed method reaches the sliding surface (s = 0) faster than those of
the conventional methods. Furthermore, the reaching time of proposed method is smaller
than those of the conventional methods. Figure 7 illustrates the chattering phenomenon by
the proposed and the conventional methods. As we can see from the result, the magnitudes
of chattering by the proposed and conv. 1 and conv. 2 methods were 5.94, 6.38, and 7.98.
The proposed method exhibited 14.29% and 25.56% reduction in chattering compared to
the conv.1 and conv.2 methods, respectively.

w (ref)
4500 w (proposed)
w (conv. 1)
w (conv. 2)
4000 -
2 3500 HWWWIJ
& | |
=
< 3000 | |
D
2
w2500
2000 ——1
1500 : : : ‘
0 1 2 3 4 5
Time (s)

Figure 4. Trajectories of speed controlled by the proposed and conventional methods with a step
reference change.
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500 :
w (proposed)
w (conv. 1)
400 - w (conv. 2)
300 - s ]
;5 [} ] | ] | |
g
= 200 - 1
100 - 1
0 = l. \=l={=L—_
0 1 2 3 4 5
Time (s)

Figure 5. Speed tracking error (wyf) by the proposed and conventional methods.

s (proposed)
s (conv. 1)

s (conv. 2)
—10t -==TL
—20}
® 30t
—40 | ,
—50F 4
—60 I I I I
0 1 2 3 4 5

Time (s)

Figure 6. Trajectories of s of the proposed and conventional methods.

State Trajectory (proposed)
Sliding surface

E

7—1.12 -1.115 -1.11 -1.105 —-1.1 —-1.095 —1.09 —1.085 —1.08

(a) X] == State Trajectory (conv. 1)
5 | = Sliding surface

A AR AR AN

—5 A
-19 -19 -18 -18 -1.75 -1.7 —-165 —1.6
(b) X, ‘

State Trajectory (conv. 2) ‘

5 | Sliding surface

Figure 7. Comparison of chattering phenomenon between (a) proposed, (b) conv. 1 and (c) conv.2 methods.
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Table 2. ISE and IAE for the tracking error by the proposed and conventional methods.
Proposed Conv. 1 Conw. 2
ISE 16.1663 16.8805 38.4262
IAE 1.8618 2.7765 4.0182

4.2. Effect of Step Load Torque Variations

Figure 8 shows the speed regulation results of the proposed and conventional methods
for step changes in load torque. The load torque T;, was set to 0.005 N-m from ¢ = 0 to
t = 0.5 s and decreased to 0 N-m from t = 0.5s to t = 1.5 s. This process was repeated for
t = 5s. The results show that the proposed method can effectively follow the reference
speed despite the sudden change in the load torque, whereas the conventional methods
failed to accurately follow the reference speed and exhibited a constant steady-state error
under the same load torque. Table 3 shows that the proposed method achieved a 20.61%,
47.18% reduction in ISE and a 26.14%, 39.32% reduction in IAE, compared to those of the
conv. 1 and conv. 2 methods, respectively.

2500 ‘
w (ref)
w (proposed)
2400 - w (conv. 1) |]
e 0 (COMV. 2)

[
[y
S
=]
T
Il

Speed (rpm)
s
=

2000 =

1900 ‘ ‘ ‘ ‘

Time (s)

Figure 8. Trajectories of rotor speed under step load torque changes.

Table 3. ISE and IAE for the tracking error by the proposed and conventional methods under the
step load torque changes.

Proposed Conv. 1 Conv. 2
ISE 1.9560 2.4638 3.7032
IAE 1.7757 2.4040 2.9264

4.3. Effect of Continuous Load Variations

In this subsection, the speed regulation results of the proposed method are evaluated
under continuous load variations. The load torque T, was set to vary continuously following
a sinusoidal wave with an amplitude of 0.0025 N-m, a frequency of 7, and a bias of 0.005 N-m.
The results demonstrate that the deviation from the desired speed by the proposed method was
smaller than those of the conventional methods (Figure 9). Table 4 shows that the proposed
method achieved 24.25%, 56.07% reduction in ISE and 8.51%, 33.02% reduction in IAE,
compared to those of the conv. 1 and conv. 2 methods, respectively.
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2500
—w (ref)
w (proposed)
2400 - w (conv. 1)
w (conv. 2)

—~ 2300

£

="

Na)

= 2200

D

D

(="

2100 1
2000 '—BLAVA
1900 :

0 1 2 3 4 5
Time (s)

Figure 9. Trajectories of rotor speed under the continuous load torque change.

Table 4. ISE and IAE for the tracking error by the proposed and conventional methods under the
continuous load torque change.

Proposed Conv. 1 Conv. 2
ISE 0.6654 0.8784 1.5147
IAE 1.1455 1.2520 1.7102

4.4. Effect of Complex Load Variations

In this subsection, the performance of the proposed method is evaluated under com-
plex load variations. The load torque T was set to vary in both continuous and step,
where the sine wave and step load torque were set to the same conditions as those
in Sections 4.2 and 4.3. Figure 10 demonstrates that the proposed method exhibited rel-
atively smaller regulation errors compared to conventional methods. Furthermore, when a
disturbance was applied, the proposed method recovered the desired speed more quickly
than conventional methods. Table 5 shows that the proposed method achieved 75.26%,
80.34% reduction in ISE and 51.45%, 55.16% reduction in IAE, compared to those of the
conv. 1 and conv. 2 methods, respectively.

2500 ‘
w (ref)
w (proposed)
2400 w (conv. 1) |
w (conv. 2)
—~ 2300 - ,
g
="
N
= 2200 :
%]
D
=7
2100 - 1
2000 C
1900 1 1 1 1
0 1 2 3 4 5
Time (s)

Figure 10. Trajectories of rotor speed under the complex load torque changes.
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Table 5. ISE and IAE for the tracking error by the proposed and conventional methods under the
complex load torque changes.

Proposed Conv. 1 Conv. 2
ISE 1.5074 6.0931 7.6655
IAE 1.5083 3.1065 3.3635

5. Conclusions

In this study, a position-sensorless HRL-based SMC method was proposed for speed
control of SRMs. The proposed method was designed by incorporating a state variable
into the reaching coefficient of SMC to reduce chattering and reaching time simultaneously.
In order to estimate the rotor’s angle and angular speed, an SMO was adopted to make
the position and speed estimation robust to the load torque variations. The stability and
convergence analysis for the proposed controller and observer were conducted to derive
the conditions for appropriately choosing controller and observer gains. Comprehensive
simulation studies were conducted for various conditions characterized by changes in
speed references and load torques. The simulation results verified that the proposed
method reduced the chattering phenomenon and reaching time simultaneously compared
to the conventional methods. Experimental validation accounting for model uncertainties
is identified as a direction for future work.
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