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ABSTRACT

The use of SMC in the speed control of PMSM has attracted considerable
attention in the literature due to its strong robustness against parameter
uncertainties and external disturbances. However, the design of the reaching
law in SMC remains a critical challenge, mainly because of the chattering
phenomenon. Numerous configurations have been proposed, and one of the
recently proposed approaches involves defining the error term within the
reaching law structure instead of the sliding surface. On the other hand, the
approach of integrating the error term directly into the reaching law rather
than into the sliding surface has not been sufficiently investigated in terms of
its specific impact on control performance. This study provides an in-depth
investigation to fill this gap by comparing different reaching law structures—
with and without error term integration—on a PMSM drive. A series of
comprehensive tests, including steady-state, load torque disturbances,
reference speed variations, and a parametric variation are conducted to
compare error-based reaching-law structures with sliding-surface-based
designs. The results show that defining the reaching law in terms of the
sliding surface or the error term leads to distinct effects on the performance
characteristics of the control system. These findings serve as a valuable
reference for the development of high-performance reaching-law schemes
for PMSM and various nonlinear systems, in terms of design considerations
for the use of the error term.

1. Introduction

density, and wide operational speed range (Chung et
al., 2013; Shu et al., 2022). Despite these advantages,

Research Article

Permanent magnet synchronous motors (PMSMs) are
increasingly  favored in  high performance
applications, ranging from electric vehicles (Liao et
al., 2021) and robotics (Gong et al., 2024) to
agricultural automation (Marcos-Andrade et al.,
2024) and aerospace systems (Khowja et al., 2024),
due to their high efficiency, exceptional torque

PMSMs are inherently nonlinear, multivariable, and
strongly coupled, which combined with internal
parameter variations such as changes in resistance,
inductance, or flux linkage and external disturbances
like fluctuating loads or supply voltages (Zhang et al.,
2025; Aktas & Cavus, 2022; Guo et al., 2023; Bing?l,
2025), poses significant challenges in PMSM-based
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systems. These complexities necessitate the
development of advanced control mechanisms
capable of maintaining fast dynamic response, robust
performance, and accurate speed regulation under
diverse and uncertain operating conditions.

For the problems mentioned above, linear control
methods, particularly proportional—integral (PI)
controllers (Nazelan et al., 2018; Qureshi et al., 2023;
Zhang et al., 2023), were initially proposed. Due to
their simplicity and ease of implementation, these
controllers have been widely adopted in practice,
especially for speed and position regulation of
PMSMs. However, linear control strategies often
struggle to maintain high performance in PMSM
drive systems due to the motors’ inherent
nonlinearities. While linear-based methods can
provide acceptable responses under nominal
conditions, their effectiveness diminishes when faced
with rapid load changes, mode uncertainties, or
deviations in system parameters caused by
temperature fluctuations and magnetic saturation
(Guo et al., 2023; Bodur & Kaplan, 2023). These
limitations highlight the necessity for robust,
adaptive, or nonlinear control approaches capable of
ensuring reliable performance across a wide range of
operating conditions and disturbances.

To overcome these limitations and ensure system
stability in the presence of uncertainties, various
nonlinear control strategies have been developed,
such as model predictive control (Zhang et al., 2025),
passivity-based control (Belkhier & Oubelaid, 2024),
and fuzzy logic control (Oztok & Dursun, 2025).
Although these methods provide effective solutions
across a wide range of applications (Yilmaz et al.,
2025; Li et al., 2025; Nouraldin et al., 2024), they
often suffer from high computational complexity,
strong dependence on accurate system models, or
increased design complexity due to extensive rule-
based structures. Among these strategies, sliding
mode control (SMC) stands out due to its fast
dynamic response, simple physical implementation,
and insensitivity to parameter variations (Huang et
al., 2020; Cengiz et al., 2025).

Despite these advantages, the conventional SMC
structure suffers from a significant drawback known
as chattering, caused by the discontinuous nature of
the switching control law and also the selection of
high switching gain (Cengiz et al., 2025; Bodur &
Kaplan, 2023; Dumlu & Ayten, 2019). Chattering
appears as high-frequency oscillations in the control
input (Brahmi et al.,, 2020; Touati et al., 2024),
leading to torque ripple as well as voltage and current
ripples, acoustic noise, and potential damage to

mechanical components (Ma et al., 2026; Shang et al.,
2025). To mitigate this issue while maintaining fast
convergence to the sliding surface, different reaching
law approaches have been proposed in the literature.

The most fundamental of these approaches is the
Constant Rate Reaching Law (CRRL) (Brahmi et al.,
2020). While CRRL ensures finite-time convergence
to the sliding surface, it relies on a fixed switching
gain. This characteristic creates a problematic trade-
off: a large gain is required for rapid disturbance
rejection, but this inevitably results in severe high-
frequency chattering (Brahmi et al., 2020; Touati et
al., 2024). As an improvement, the Power Rate
Reaching Law (PRRL) was introduced to correlate
the switching gain with the system state variables
(Touati et al., 2024). Although PRRL effectively
reduces chattering by decreasing the gain as the
system approaches the sliding surface, it suffers from
a significant drawback in that the convergence rate
decreases considerably owing to the fractional power
term (Shang et al., 2025). This reduction in speed
results in a sluggish dynamic response, extending the
time required to eliminate steady-state errors.

To address the slow convergence issue of PRRL, the
Double Power Reaching Law (DPRL) was proposed
(Yue et al., 2022). This method incorporates two
power terms to ensure faster reaching speeds both far
from and near the sliding surface compared to the
single power law. However, the inclusion of
additional power terms increases the mathematical
complexity and the difficulty of coefficient tuning.
Furthermore, smoothing-based strategies have been
developed that replace the discontinuous sign
function with continuous functions, such as sigmoid
functions (Duan et al., 2023), inverse hyperbolic sine
functions (Samantaray et al., 2024), or saturation
functions (Wang et al., 2022). While these methods
effectively suppress chattering by smoothing the
control signal, they result in a lower error
convergence rate and provide slower dynamic
responses than the sign function.

To overcome the limitations of these continuous
approximation methods, exponential reaching laws
(ERLs) have been proposed in the literature (Brahmi
et al., 2020; Touati et al., 2024). Unlike conventional
continuous approaches, ERLs are specifically
designed to maintain fast convergence in sliding
mode control. By modulating the reaching phase
exponentially, ERLs provide a stronger and more
responsive control action, resulting in improved
dynamic performance and faster error convergence.
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In recent studies, these reaching law structures have
been further reshaped by incorporating additional
information from the controlled system, particularly
the tracking error, into the reaching law formulation.
By embedding the system error directly into the
reaching dynamics, these modified structures aim to
enhance adaptability, accelerate convergence, and
further suppress chattering under varying operating
conditions. However, despite the promising results
reported in individual studies, a comprehensive and
systematic comparison between these newly
proposed error-dependent reaching laws and their
conventional counterparts is still lacking in the
literature. In particular, the effects of error
incorporation on convergence speed, robustness,
chattering attenuation, and control effort have not
been thoroughly analyzed in a unified framework.

Inspired by this observation, this study conducts a
comparative investigation of reaching law-based
sliding mode controllers with and without explicit
error-dependent terms within a PMSM speed control
framework. The study focuses on systematically
evaluating how the inclusion of tracking error in the
reaching law formulation affects overall control
performance. Specifically, the convergence behavior,
robustness to external disturbances, steady-state
error, and performance under parametric variations of
error-integrated reaching laws are compared with
those of conventional error-independent counterparts
under identical operating conditions.

Through comprehensive simulation analyses, this
work aims to provide clear insights into the practical
benefits and limitations of incorporating tracking
error into reaching-law design for PMSM systems.

The remainder of this paper is organized as follows.
Section 2 introduces the mathematical model of the
PMSM in the synchronous rotating dq reference
frame. Section 3 details the design of the sliding-
mode speed controller, including the construction of
the linear sliding surface and the derivation of the
equivalent control law. Section 4 presents a
comprehensive review of various ERL structures
proposed in the literature, providing the theoretical
basis for the comparative analysis. Section 5 presents
the simulation results, followed by Section 6, which
concludes the study.

2. Mathematical Representation of PMSM

In the rotating d—q coordinate frame, the
mathematical representation of the PMSM can be
described by the following basic equations under the
assumptions given in (Shang et al., 2025).

( dig R ., Ug
T _Tsld + Nypwnlg +T
di R NyWn@r U
q s . , pm¥f q
—_t = 2 — - 4+ =
{dt L e p@mld L L 1)
dwp, 3n,9r. B T,
a2 T
\ T, =15n,[0ri + (La — Lg)iaig]

where ug and u, represent the stator voltages in the
d- and g-axes, respectively, and ig and iy denote the
stator currents. The inductances Lq and Lg are equal
(Lg =Lg =L). R is the resistance of the motor
windings. ¢ represents the flux linkage. np

represents the number of pole pairs, w,, is the
mechanical speed of the machine, J is the moment of
inertia, Ty, is the load torque, T, is the electromagnetic
torque, and B is the viscous friction coefficient.

3. Design of Motor Speed Control

The speed tracking error is defined as follows (Shang
et al., 2025) :

X1 = Wiy — Wy
3 3n,r . T, Bwpy 2

Xy = xl = lq +

2] J J

where w,, and wj, are the measured and desired
speeds, Wy, and wy, are their time derivatives.

The design of SMC begins with the definition of an
appropriate sliding surface. At this stage, there are
several options, which are generally classified into
two categories: linear and nonlinear. Nonlinear
sliding surfaces are known to provide more robust
dynamic performance. However, they are structurally
very complex and involve multiple coefficients,
making the determination of their optimal values a
highly challenging task. In contrast, linear sliding
surfaces are simpler in structure and easier to
implement as can be seen from Equation (3). Also
they require minimal tuning time. Therefore, the
following linear sliding surface has been employed in
this paper (Bodur & Kaplan, 2023).

S=x1+cfx1dt 3)

where c 1s a constant.

The controller design procedure is as follows :
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U= Uegq + Ugy (4)

where ugq represents the equivalent control, and ug,,
denotes the switching control component. ugq can be

found by applying the invariance condition, which is
given below :

ds
(55 ls=ommiieg = 0 5)

Based on Equation (5), the equivalent control input
Ugq can be calculated, which in turn generates the g-
axis reference current ig.

S=X;+cx; = —wy, +cx;g
3n,@ Bw 6
PYS .« L m ()
=- lg+—+——+cx
2 ] '

For the final control signal given in Equation (4),
Ugy Needs to be determined. In the literature, various
structures of ug,, have been proposed. Some of the
most commonly used and representative switching
control structures are reviewed and analyzed in the
following section to provide a basis for comparative
evaluation.

4. Reaching Law

4.1 Comparisonl :

One of the reaching law formulations developed to
mitigate the severe chattering inherent in classical
reaching law is given as follows (Shang et al., 2025):

s = —kq|s|Ysign(s) — k,s (7)
where 0 <y < 1and kq,k, > 0.

The reaching law given in Equation (7) was later
reformulated by integrating the system's tracking
error into its structure, resulting in the following
modified expression (Zhang et al., 2026):

$ = —kqls|Ysign(s) — kzeq ®)
where e, denotes the tracking error of the system.

According to the above reaching laws, the ultimate
control input associated with ig can be expressed as,

respectively :

Bw

. 2]
ig =
3p Py +kq|s|Ysign(s) + kys

€)

Bw

L2
lq - 3 npd)f ] (10)
+kq|s|Ysign(s) + kyeq

4.2 Comparison II :

One of the reaching-law formulations reported in the
literature, which relies fully on the system’s tracking
error, is given below (Jewel & Roy, 2021).

$ = —kqler]" — kyleq|sign(s) 11

This formulation can alternatively be constructed by
replacing the tracking error with the sliding surface,
resulting in the following expression.

S = —kq|s|¥ — ky|s|sign(s) (12)

Using the aforementioned reaching laws, the final
form of the control input igis given below,
respectively.

Bw
2] — 4 exy
lq = 3n ¢ ] (13)
PHT [+keleslY — kyles|sign(s)
Bw
. 2] — tcxy

q= ] (14)
3% | b lsl ~ Kylslsign(s)
4.3 Comparison III :

To enhance the convergence rate, one the exponential
reaching law was introduced as follows (Alam et al.,
2023):

$= —kyle|™s
kysign(s)

y o (1 y)ece
1

(15)

where e donetes eular's norm, 1 < a, 0<m<2 and
1 < n. Recently, such reaching laws have gained
considerable attention, and various formulations have
been proposed in the literature (Hu et al., 2024; Xu et
al., 2025; Haroon et al., 2022).

Inspired by this structure in Equation (15), a reaching
law that fully incorporates the sliding surface can be
formulated as follows:

s = —kq|s|™s

3 kysign(s) (16)
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Applying the reaching law given above, iy can
obtained as :

Bw,,
- - 4‘ Cﬁxl 'F lCl |61|
2J ! kysign(s) (17)
= sign(s
3np¢f+ 21‘9
y+<1+| - —y e<alsl>

Bw,,
- - 4‘ Cﬁxl 'F lCl |61|
3 nquf

J
k,sign(s) ] (18)
|

T

For the stability analysis, the Lyapunov function is
chosen as Equation (19). Accordingly, the reaching
law given in Equation (7) is employed for the stability
analysis. The use of alternative reaching laws is also
possible.
1.
V= 5 S 19

With the help of Equation (6), the time derivative of
V can be written as:

V=ss
3n @ Bw (20)
p¥f . * m
+ + cx
2 1T !

By substituting the control law specified in Equation
(9), the following expression is derived.

= s[—ky|s|"sign(s) — k,s]
< —kqls|V*t — kys? (21)

A similar procedure can be followed to establish the
stability of the error-based reaching law. Substituting
Equation (17) into Equation (20) yields the following
expression.

. k,sign(s
V=s|—kile|™s — Zlg )
— (=als)
Yy + (1 +|s|" y)e
k2|5|

< - k]7|el|"152 -

- @2)
r (1o y)ee

Provided that all coefficients are selected as positive,
it ensures that V < 0, indicating that the system is
stable in the Lyapunov sense.

5. Simulation Results

This section presents the simulation results to
demonstrate the effectiveness of the error-based and
error-independent  reaching-law  structures. The
behavior of each reaching law was analyzed under
three conditions: in steady-state, under load variations,
and when the reference trajectory changes. The motor
and controller parameters used in the simulations are
summarized in Table (1).

Tablel: Parameters of PMSM and SMC

Number of pole pairs 4

Stator inductance [L] 0.1225 mH
Rotor flux [¢f] 0.1667 Wb
Stator resistance 0.365 Q
Moment of inertia 0.00197 kg-m?
Friction coefficient 0.001 N-m-s
¢/ki/kz/o/ 2/20/80/0.1
Comparison I

¢/k/kz/0/ 2/25/75/0.5
Comparison 11

¢/ki/kz/o/ajm/n 2/10/20/09/2/1/1

Comparison 111

5.1 Result of comparison I

Figure (1) illustrates the steady-state performance of
the reaching laws under no-load conditions. Although
both reaching laws reach the target 1000 rpm speed
rapidly, their steady-state behaviors differ
significantly. The sliding surface-based reaching law
exhibits a more stable tracking performance,
effectively eliminating steady-state error. In contrast,
the error-term integrated reaching law exhibits
degraded steady-state performance, with the speed
deviation increasing to approximately 10 rpm while
tracking below the reference trajectory. In this
numerical simulation, the fully surface-based
approach provides significantly higher precision in
maintaining the reference speed compared to the
error-inclusive alternative.

1000

o
=}
S

)
=
S

~
=
S

=)
=}
=)

o
=3
S

4 05 06 07 08 09 41
—§ = —ky|s[7sign(s) — kss |4

IS
1=}
=
=
N
=
w

Speed of PMSM [rpm]

w
S
S

(8}
1=}
S

— 5= —ki|s|"sign(s) — koe1]

=
S

Reference trajectory

o

0.2 0.4 0.6 0.8 1
Time (s)

Figure 1: Steady-state performance for comparison I.
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The robustness of reaching laws is further evaluated
under a sudden load disturbance. As shown in Figure
(2), the PMSM is initially operated under no-load
conditions until t=0.5 s, at which point a 5 Nm
external load torque is applied to the system. The
sliding-surface-based reaching law limits the initial
drop to approximately Aw = 30 rpm and, more
importantly, effectively eliminates this deviation over
time, successfully returning the motor speed to the
1000 rpm reference. In contrast, the error-term-
integrated reaching law exhibits a more significant
deviation, with a speed drop of approximately Aw =
35 rpm, and fails to recover, continuing its operation
with a steady-state error. This disparity confirms that
the surface-based reaching law provides much
stronger disturbance rejection capabilities.

1000 p—— —

900

800 |

700

600 |-

500

w00k 960 i L i L s i s i
0204 06 08 1 R, . S N (e

Speed of PMSM [rpm]

soop —§ = —ky|s|7sign(s) — ks |]

200p —5 = —kys|7sign(s) — kae1]]

100

Reference trajectory

0 0.5 1 1.5 2
Time (s)

Figure 2: Load variation performance for comparison I.

Figure (3) illustrates the tracking performance of the
reaching laws under a step change in the reference
speed. Initially, the system maintains a steady state at
1000 rpm, and at t=0.5 s, the reference trajectory is
abruptly increased to 1500 rpm. Both reaching laws
demonstrate a rapid response to this change, reaching
the new target with a very short settling time.
However, the zoom-in view reveals that the surface-
based reaching law exhibits a slightly smoother and
faster transition compared to the error-term integrated
reaching law. While the surface-based reaching law
successfully settles exactly at the new reference
value, the error-based alternative continues with a
steady-state error of approximately 15 rpm following
the transition. This result confirms that the surface-
based method is highly effective in following
stepwise reference variations.

1500 [ 7200 === 2 [
1150 i
4":_ 4505
- 1100 1500
£ 0.5003 0.5004 0.5005 0.5006
E 1000 495
= 1490
£ 1485
L 1480
3 0.6 0.8 1
2 500 : T 1
® — &= —ky|s|"sign(s) — kos
— 3 = —k|s|7sign(s) — keey
Reference trajectory

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 3: Tracking capability for comparison I

The robustness of the reaching laws in Comparison |
is evaluated by increasing the PMSM flux linkage @
by 1.3 times its nominal value at t=0.5 s while the
motor operates at a reference speed of 1000 rpm. The
results in Figure (4) indicate that the error-term based
reaching law exhibits a significant speed drop of
approximately 20 rpm, showing a weaker resistance
to parametric uncertainties. In contrast, the surface-
based reaching law demonstrates superior robustness
by limiting the speed deviation to only 10 rpm and
ensuring a faster recovery. This comparison confirms
that utilizing the sliding surface in the reaching law
suppresses internal parameter variations more
effectively than the error.

1000 (e R R R T T e

T

£

=

2]

=

o

5 05 06 07 08 09 1 11 12

T wf O ) . ) ) . 2]

Q

o —_— — Y <101 —

& ol § = —ki|s|7sign(s) — kas |
200k —§ = —ky|s|"sign(s) — keer|]
100 Reference trajectory

0 i I I I ;
0 0.2 0.4 06 0.8 1 12
Time (s)

Figure 4: Robustness to flux variation for comparison I

5.2 Result of comparison II:

To further assess the effect of including error term in
the reaching law, the different reaching-law structures
provided in Comparison Il are evaluated in Figure (5).
Similar to previous observations in Figure (1), the
surface-based approach demonstrates superior
steady-state precision, effectively eliminating steady-
state error. In contrast, the error-based structure
exhibits a larger steady-state error magnitude of
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Aw = 5 rpm. These results reinforce that relying on
the sliding surface (s) rather than the error e; in the
reaching-law structure effectively provides a more
stable control performance for the PMSM system.

1000

900 |

800 oLtk ]
g ) -MH‘#M"‘W‘ .
i
g 400 0. 02 nj4 u;a oa 1]
@ a0k —§ = —ky|s|" — ko|s|sign(s)

200F —§=—kiler|" — ky|ey|sign(s) |4

100 F ——Reference trajectory

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 5: Steady-state performance for comparison II

The reaching-law configurations defined in
Comparison II are subjected to a load disturbance in
Figure (6). The motor is initially operated at no-load,
and a 5 Nm external load torque is stepped into the
system at t=0.5 s. The results exhibit a behavior
consistent with the trends observed in Figure (2),
showing a significant drop in PMSM speed. On the
other hand, the error-term-integrated reaching law
results in a larger speed reduction, with a maximum
deviation of approximately Aw =~ 45 rpm, indicating
weaker disturbance rejection capability. Furthermore,
it exhibits no corrective action to eliminate this
deviation, maintaining a persistent steady-state error.
In contrast, the surface-based-integrated reaching law
confines the speed reduction to approximately Aw =
35 rpm and steadily eliminates this deviation over
time. This demonstrates enhanced robustness and
better PMSM speed tracking.

1000

T g o
900 | ; ¥ i
1000 4 e

-

800 | A w = 35 rpm

E 700} i

§ 600 |

% 500 960

g’. 4o0F n.‘s 1 1.‘5 2]

@ 30t —§ = —ky|8]" — ka|s|sign(s)
200} —§ = —kyley " — kaley |sign(s)]]

1or —Reference trajectory

0 0.5 1 1.5 2
Time (s)

Figure 6: Load variation performans for comparison II

For a comprehensive assessment, the reaching laws
are evaluated under a reference step change in Figure
(7). The speed reference is increased from 1000 rpm
to 1500 rpm at t=0.5 s. As seen in the magnified view,
the surface-based reaching law exhibits closer
reference following compared to the error-term
integrated law, consistent with the results presented
in Figure (3). Furthermore, following this step
change, the error-based reaching law once again leads
to a persistent steady-state error of about Aw =
20 rpm, failing to converge exactly to the new
reference. In contrast, the surface-based approach
eliminates this offset.

1500

1360

1510
1340 \' X

!
1320 1309

0.5015 0.502

1490

=}
1=}
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1480
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o
=]
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—& = —ky|s|7 — ko|s|sign(s)
— 8§ = —kyles[" — kole|sign(s)

——Reference trajectory

0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Figure 7: Tracking capability for comparison II

The reaching law configurations are subjected to a
step increase in the motor flux linkage @y by 1.3
times its nominal value at t=0.5 s to evaluate their
robustness against parametric uncertainties. The
results, illustrated in Figure (8), exhibit a behavior
consistent with the trends observed in previous
comparisons, showing a transient drop in PMSM
speed. The error-term-integrated reaching law results
in a more significant speed reduction, with a
maximum deviation of approximately 22 rpm,
indicating a weaker disturbance rejection capability.
In contrast, the surface-based-integrated reaching law
limits the speed drop to about 15 rpm, demonstrating
improved robustness and a steadier recovery toward
the reference trajectory. Whereas the error-based
reaching law fails to provide any restorative action,
leaving the system with a persistent offset. This
comparison further confirms that reaching laws based
on the sliding surface suppress internal parameter
variations more effectively than those based on the
error one.
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Figure 8: Robustness to flux variation for comparison II

5.3 Result of comparison III:

With the exponential reaching law, the dynamic
responses are further improved, as clearly observed in
the steady-state performance in Figure (7), compared
to the structures in Comparisons I and II, even when
a smaller k; = k, value is used. As shown in the
steady-state analysis in Figure (7), the exponential
reaching-law structures exhibit a distinct behavior
where the PMSM speed moves above the reference
value, unlike the structures in Comparisons 1 and 2
where the speed typically remains below it. This
provides strong evidence of the robustness of the
exponential reaching-law structures. On the other
hand, while the surface-based reaching law initially
shows a deviation of approximately Aw = 15 rpm,
the steady-state error tends to diminish over time,
gradually converging toward the reference trajectory
and reducing the error to approximately Aw = 5 rpm.
In contrast, the error-term integrated reaching law
suffers from a continuous and permanent steady-state
offset, remaining trapped at a higher error level of
approximately Aw = 15 throughout the entire
operation. This confirms that relying on the sliding
surface allows the system to suppress tracking errors
more effectively, whereas the error term leads to a
persistent deviation from the desired equilibrium.

In this stage of the test, exponential reaching-law
structures were subjected to load disturbance tests,
similar to the previous configurations. Figure (8)
evaluates the system's resistance to these sudden load
changes. Upon the load entry at t = 0.03 s, the surface-
based structure maintains a tighter grip on the
equilibrium point, limiting the speed drop to Aw =
48 rpm. In contrast, the error-based structure deviates
further from the equilibrium, reaching a drop of Aw =
50 rpm. These results confirm that designing the
reaching law based on the sliding surface provides
superior stability compared to error-term integration.

A0 e ]

900

800 -

g. 700 [
=
Z e00f
H
5 500 |- 990 H s H s
st 0 0.2 0.4 0.6 0.8 1
1 400 - T sign( ) 1
. m i SEgN(S
& | —d=—k|s"s - ——— —
300 ".’+(1+W—’Y)H als
200 - 5= —kile|ms— ky sign(s) .
1/€1 ; -
(=) e
1001 31 i
——Reference trajectory

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 9: Steady-state performance for comparison I11

To conclude the comparative assessment, the
advanced reaching laws are evaluated under a
reference step change in Figure (9). The reference is
increased from 1000 to 1500 rpm at t=0.018 s. As
clearly seen in the magnified inset, the surface-based
reaching law exhibits a more rapid and precise
tracking response compared to the error-term-
integrated structure. Both reaching law follow the
new trajectory, but the the surface-based reaches the
steady state with less delay. These results show that
using the sliding surface instead of the error improves
transient performance and overall system response.
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Figure 10: Load variation performans for comparison I1I

The parametric changes conducted for the earlier
reaching laws are also implemented for the reaching
laws in Comparison III. The results are illustrated in
Figure (12). Thanks to the exponential-integrated
structure, the maximum speed drop in the error-term-
based reaching law is significantly reduced compared
to the non-exponential versions, with a deviation of
approximately 10 rpm. However, the error-based
reaching law continues with a steady-state error of
approximately 5 rpm following the transient
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response. In contrast, the surface-based-integrated
reaching law demonstrates even greater robustness
by limiting the speed drop to only 5 rpm and
effectively compensating for this deviation over time
to return to the reference. This comparison further
confirms that while the exponential term enhances the
performance of both laws, the sliding-surface-based
approach remains more effective than the error in
suppressing internal parameter variations and
eliminating steady-state errors.
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To deepen the comparative analysis, the performance
of each reaching law is evaluated within its respective
group to identify the specific impact of the
mathematical structure on current quality. All THD
measurements were conducted under a constant
operating condition of 1000 rpm (corresponding to a
fundamental frequency of 66.66 Hz) and 5 Nm load.
As clearly seen from the Table 2, surface-based
structures demonstrate superior performance when
compared within their own groups.

Table2: A numerical comparison of reaching laws

Reaching Law ;I:,ZI)D
Comparison I
s = —kqls|Ysign(s) — k,s 7.74
s = —kq|s|Ysign(s) — k,eq 5.25
Comparison 11
s = —kqleq|Y — kyleq|sign(s) 8.09
s = —kq|s|¥ — k,|s|sign(s) 5.55
Comparison II1
s = —kq|s]™s
_ kas1gn(s) 35.95

v+ (1 4L y>e(—a|s|)

leg|™

S = —kqls]™s
3 k,sign(s) 1832

From a mathematical point of view, the difference
between surface-based and error-dependent reaching
laws can be explained through the error dynamics. In
surface-based approaches, the sliding surface has
been previously defined as s = x; + ¢ [ x;dt, which
is given in Equation (3). When the system reaches the
sliding surface condition s = 0, the error dynamics
reduce to a first-order differential equation, resulting
in exponential convergence of the tracking error. This
formulation inherently introduces a damping effect
since the controller responds to both the error and its
derivative. In contrast, error-dependent reaching laws
rely only on the tracking error without incorporating
its derivative. As a result, the damping capability is
reduced, which may lead to larger steady-state
deviations. This explains why sliding surface-based
reaching laws generally provide improved transient
response and better steady-state performance.

6. Conclusion

This study investigates the impact of integrating the
error term into the reaching law for Permanent
Magnet Synchronous Motor (PMSM) speed control
systems. In the literature, existing reaching-law
structures were extended by incorporating the system
error, creating a new reaching law formulation. The
effects of these proposed reaching laws were
analyzed and compared across different structures. To
evaluate the influence of the error-term-based
reaching laws relative to sliding-surface-based
reaching laws, comprehensive tests including steady-
state tracking, load disturbances, reference speed
variations, and parametric uncertainties were
conducted. The analyses show that defining the
reaching law based on the sliding surface produces a
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different outcome than when it is defined based on the
error term. Across all examined reaching-law
structures, it was consistently observed that
formulations incorporating the error term did not
provide more robust dynamic performance compared
to the traditional sliding-surface-based reaching laws.
These findings indicate that, although presented as a
novel approach in the literature, the error-term-based
reaching law does not outperform traditional sliding-
surface-based reaching laws in terms of dynamic
robustness.
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