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Abstract

This study addresses the speed control problem of an induction motor (IM) under the field-oriented
control (FOC) architecture by proposing a robust controller design that combines the slime mould
algorithm (SMA) with sliding mode theory (SMT). Distinct from traditional controller designs with
fixed gains, the proposed theory defines the ranges of three gain parameters of the exponential
reaching law sliding mode controller —namely, the sliding mode dynamic trajectory control gain, the
exponential reaching gain, and the constant speed reaching gain—as the search space for the SMA.
An adaptive fitness function is constructed using speed error and the rate of change of speed error to
continuously evaluate and update these three gain parameters, thereby determining the optimal
gains for the current state. This method allows the system to increase gain values to accelerate
reaching when far from the sliding surface, and reduce gains to suppress chattering and minimize
overshoot when approaching the sliding surface. Finally, Matlab/Simulink simulation software is
used to simulate the proposed robust controller applied to an IM drive system. Its performance is
compared with three other controllers: constant speed reaching law, exponential reaching law, and
zebra optimization algorithm (ZOA) combined with exponential reaching law. Simulation results
confirm that the proposed novel controller demonstrates control performance superior to the other
three controllers in both speed command tracking and load regulation response.

Keywords: induction motor; field-oriented control; slime mould algorithm; zebra optimization
algorithm; sliding mode controller; exponential reaching law; constant speed reaching law

1. Introduction

Induction motors play a key role in modern industrial automation and precision transmission
fields due to their rugged structure, low maintenance costs, and high reliability [1]. However, as
industrial applications impose increasingly stringent requirements on speed response and dynamic
control precision, traditional scalar control is no longer sufficient. Consequently, the industry has
widely adopted field-oriented control (FOC) [2] technology to achieve decoupled control of torque
and flux. Traditional FOC typically uses proportional-integral (P-I) controllers. While P-I controllers
are relatively easy to design, they struggle to balance speed command tracking and load regulation
response simultaneously. Thus, when the system faces parameter inaccuracies or external
disturbances, control performance is often insufficient.

To overcome these limitations, academia has proposed various advanced control laws, but each
has bottlenecks. For instance, the sliding mode controller (SMC) [3] offers excellent anti-interference
capabilities, but high-frequency chattering near the sliding surface can lead to torque ripple.
Furthermore, the commonly used constant speed reaching law lacks integral action, leading to
steady-state errors, while the exponential reaching law can accelerate response but often causes
significant overshoot. To enhance performance, research has attempted to combine different
algorithms. For example, extension theory combined with sliding mode controller (ETERLSMC) [3]
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can effectively suppress overshoot and improve tracking stability, but its performance relies heavily
on the completeness of characteristic data; a lack of sufficient data samples leads to imprecise control.
Neural network sliding mode controller (NNSMC) [4] can approximate nonlinear dynamics to reduce
chattering, but its complex structure creates a massive computational burden, and performance
depends on training convergence, making hardware implementation challenging. Extendable fuzzy
theory combined with a two-degree-of-freedom controller (2DOFC) [5] improves system flexibility,
but rule switching during load recovery often causes transient oscillations, resulting in insufficient
convergence smoothness.

To solve the optimization problem of sliding mode parameters, swarm intelligence algorithms
have been introduced. However, particle swarm optimization (PSO) [6], while fast to converge, lacks
a mutation mechanism and easily falls into local optima. The zebra optimization algorithm (ZOA) [7]
possesses a group defense mechanism to avoid local solutions, but it mostly uses fixed weights or
linear decrease strategies during the search, resulting in an insufficient balance between global search
and local exploitation when handling high-dimensional coupled control parameters.

The control law proposed in this paper uses the speed difference between the induction motor’s
speed command and actual speed, along with its rate of change, as features to calculate current
fitness. It utilizes the slime mould algorithm (SMA) [8] to set the parameter ranges for the sliding
mode dynamic trajectory control gain, exponential reaching gain, and constant speed reaching gain
of the combined exponential reaching law SMC as a three-dimensional search space. Unlike
traditional optimization algorithms that rely on fixed or linear weights, this study simulates the
adaptive weight adjustment of slime mould under different food concentrations and its unique
oscillation mechanism. This allows the algorithm to dynamically change step size based on
environmental feedback, precisely finding the optimal position coordinates to assign to the three gain
parameters of the exponential reaching law sliding mode velocity controller. Consequently, during
IM operation, the most suitable gain combination is output in real-time by comparing fitness values,
improving speed command tracking response and overshoot caused by the exponential reaching law
under different working conditions, and significantly enhancing system robustness under load
variations.

2. Field-Oriented Control Architecture of IM System

The core principle of FOC [9] is to transform the three-phase stator voltage and current variables
d.q)

transformation, simplifying its mathematical model to reduce controller design complexity [10,11].

of the IM into a two-axis synchronous rotating ( coordinate system via coordinate
In this architecture, the speed controller compensates based on the error between the speed command
and feedback speed, while current controllers regulate the d and g axis currents respectively,
achieving independent control of flux and torque. Finally, the voltage commands generated by the
controllers control the duty cycle of the power semiconductor switches in the inverter [12] via space
vector pulse width modulation (SVPWM) [13] to realize speed control of the IM drive.

2.1. Dynamic Equations of FOC

The purpose of FOC is to give the IM control characteristics similar to a separately excited DC
motor [14], realizing independent control of field and torque. Based on this, the dynamic equations
of the squirrel-cage induction machine in the d and g axis coordinate system are derived from the
relationship between voltage and flux linkage. The stator and rotor voltage equations can be
expressed as Equations (1)-(4) [10,11].

J L,d¢, oL

di
vy =Ry + L, —% —aw,L i +-" L 1
ds stds (el dt e ~otgs Lr dt Lr qr ()
di, wlL L dg
v.=a,l i, +Ri +I —E+-<¢mg m T 2
qs e ~ods s“gs (o] dt Lr ¢dr Lr dt ( )
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0= _Rerlds + Rr¢dr + Lr dt - (we — @, )Lr¢qr (3)
. g,
0=-R.L,i, +(®,-®,)L.¢; + RS, +L, 4)

dt
R._. . R. . . L. . . L. . .
where: “sis stator resistance, "7 is rotor resistance, " is stator inductance, " is rotor inductance,

L . . o, . . o, . .
™ is mutual inductance, “¢is synchronous angular velocity, and "~ is rotor electrical angular

¢,

. j i . .
velocity. lds and "** are the @ and 7 axis stator currents; bur and "7 are the rotor 4 and g axis fluxes, and

Ay g2
Lo 2 Li=Ly /L s the leakage inductance coefficient.

The electromagnetic torque and mechanical equations of the motor are expressed as Equation

).

3PL, . : _ dw,,
Te = TL_r(lqs¢dr _lds¢qr)_TL +J dt +Ba)rm (5)

where: T is load torque, | is the moment of inertia, B is the viscous friction coefficient, and the

relationship between rotor electrical angular velocity - and mechanical angular velocity Orm s

O =2/ P)o, , where P is the number of poles.

If the magnitude and position of the rotor flux linkage can be obtained at any instant, and the d-
axis of the synchronous rotating coordinate system is aligned with the rotor flux linkage and

maintained in synchronous rotation, then the rotor flux linkage exists only on the d-axis, i.e., Yo =9,

, and the g-axis flux by =0 . Consequently, Equations (1)—(4) can be rewritten as Equations (6)—(9) [11].
% R 1-0 l-o Vs

=(——"- iy + @, + ), + 6
di . R 1-o0 L™
qs S - . qs
— =i -, —— 0,f, +— 7
d L * % oL, / L, @
d¢ R L
T + R g
dt Lr ¢r 7 Lr ds (8)
L, .
_Rr L_lqs + a)sl¢r =0 (9)
_ _ 172
where: 7 =L/ L , Le =91y is the stator leakage inductance, o=1-L, /Ll is the leakage
= — = = 0
coefficient, and ¥ = “e T r is the slip speed. Since b4 =9 and Yor , by substituting this condition

into the electromagnetic torque Equation of (5), it can be rewritten as Equation (10). Furthermore, to
describe the dynamic relationship between torque and speed, the mechanical equation of the motor
can be further expressed as Equation (11).

3PL, .
T, ZTL_rlqs¢r (10)
dw 1
— " =-—(T,-T, —Bw 11
dt J( e L rm) ( )

The flux command is the rated flux of the motor. However, since the rotor flux cannot be directly
measured, it is necessary to obtain its estimated value through estimation. Therefore, by performing

the Laplace transform on Equation (8), the estimated flux % can be obtained as Equation (12).

~ L i
¢r — m"°ds
is+l (12)

7

where: % is the estimated flux and s is the Laplace operator.

From Equations (6) and (7), it can be seen that both the d and g axis current equations contain
ordinary differential equation terms and nonlinear coupling terms. To eliminate the coupling effect
and achieve system linearization, a control technique using feedforward compensation [15] is
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adopted. Using the feedback principle, the d-axis current error is passed through a P-I controller, and
the resulting signal is Equation (13).

' K \(; « .
Vs =[KPd +Tldj(lds _lds) (13)

This signal is then combined with the output signal of the d-axis current. After coordinate
transformation from two axes to three phases, it forms the three-phase voltage command input to the
inverter. To ensure the current loop possesses linear control characteristics, appropriate

compensation must be added to Vds pefore coordinate transformation. Therefore, the d-axis voltage
command is expressed as Equation (14).

* , . 1— A
Vis = Lo’ [Vds = Wplys — 7 ¢r} (14)

or,L,

By substituting Equation (14) into "4 in Equation (6), it can be expressed as Equation (15).
di, =~ R l-o

a L, o et (15)
Similarly, the g-axis current signal and voltage are given by Equation (16) and Equation (17),
respectively.
’ Klq P N
Vas =[KP¢I +Tj(lqs _lqs) (16)
' ’ . 1 -0 ~
vqs - La vqs T @1 + ULm a)e¢r (17)

v
By substituting Equation (17) into ¥ in Equation (7), it can be expressed as Equation (18).
di

as _ RS- 4+ !
PG o

o

The speed control loop takes the error between the actual speed obtained from the motor
feedback signal and the speed command as input to a P-I controller to generate a torque command.
This torque command is then converted into a g-axis current command via the current control loop,
thereby driving the motor to achieve the goal of speed regulation. The mechanical dynamics of the
motor can be constructed from its moment of inertia and viscous friction coefficient. Therefore, the
Laplace transform [16] can be applied to Equation (5) to establish the mathematical model of the
speed loop. Based on this, a controller is designed to ensure the system possesses good dynamic

response and the ability to eliminate steady-state errors.

2.2. Sensorless FOC System Architecture of IM

The actual system still requires coordinate transformation and pulse width modulation (PWM)
of the inverter to generate the corresponding three-phase voltage signals. In addition, this paper
adopts a sensorless direct FOC strategy, so it is necessary to obtain the current flux and speed via a
flux estimator [17] and a speed estimator [18]. In view of this, the complete architecture of the
traditional sensorless FOC IM drive system is shown in Figure 1 [10].
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Figure 1. Block diagram of the traditional sensorless FOC IM drive system.

3. The Proposed Novel Controller Algorithm

In traditional FOC of induction motors, the speed loop uses only a P-I controller, which often
struggles to simultaneously balance the fast tracking of speed commands and regulation capability
under load disturbances. Therefore, this paper proposes an exponential reaching law sliding mode
controller combined with the SMA for dynamic gain parameter adjustment to replace the P-I
controller in the speed loop. Specifically, taking the real-time speed error and the rate of change of
the speed error as inputs, the SMA performs an optimization search to automatically correct the gains
of the SMC. This equips the controller with self-adjustment capabilities and robustness, thereby
effectively enhancing the overall performance of the IM speed control.

3.1. Slime Mould Algorithm

The SMA is an emerging bio-inspired swarm intelligence optimization method, proposed by
Shimin Li et al. in 2020 [8]. Its principle mimics the typical behaviors of slime mould during the food
foraging process, including the approach behavior of gradually moving closer to food based on odor
gradients, the wrap behavior of forming energy transmission centers through the strengthening and
weakening of veins, and the oscillation behavior generated by the periodic contraction of veins.
Through the aforementioned behaviors, the SMA is able to balance exploration and exploitation
during the search process, gradually approaching the global optimal solution.

3.1.1. Approach Behavior

In nature, slime mould initially spreads out a “radial extension network”, resembling random
antennae, to explore its surroundings. If a higher concentration of chemical odor is detected in a
particular direction, the slime mould gradually concentrates energy to extend toward that direction,
forming a temporary pathway. If the odor is insufficient or the direction is unclear, the slime mould
changes direction and performs random drifting to avoid missing potential resources. This process,
from rapid perception to approaching and then correcting direction, allows the slime mould to
continuously update its movement path. Subsequently, in the iteration process, the movement of each
slime mould depends on the fitness value corresponding to the food odor intensity and the best slime
mould in the population. The mathematical expression for this approach behavior is represented by
Equation (19).

X, +vb-(W-X,(0)-X, () ,r<p

—_ —

Xt+1)= .
ve+ X (1) s r2p

(19)
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X(r+1) X,(0)

where: represents the new position for the approach food behavior,

—

represents the

optimal position of the slime mould individual at the t-th iteration, V¢ is a control vector that linearly

decreases from one to zero, X4 gng X6 ) represent the positions of two individuals randomly
X()

selected from the slime mould, is the current position, t is the current iteration count, and r is

a random number in the range [0.1] .

In this process, in order to simulate the reaction of the slime mould to the strength of the odor,
the SMA introduces a switching probability p. When the fitness value of a certain individual is better
than the average value, p will tend toward the positive direction, causing it to move and approach
the best individual; conversely, it will bias toward the negative direction, causing it to stay or move
away, thereby maintaining population diversity. The mathematical expression for p is shown in
Equation (20).

p = tanh|S(i)— DF| (20)

where: p is the switching probability, 5 is the fitness value of the i-th slime mould, and DF is the
best fitness value found in all iterations.
Furthermore, to reflect the periodic contraction to expansion of the slime mould veins, the SMA

designs an oscillation amplitude parameter Y?. This vector has a larger range of values ([—a,a]) in
the initial stage, enabling the slime mould to explore with large steps; as the iteration progresses, ¢

gradually approaches zero, and the amplitude of VP converges synchronously, making the
movement in the later stages more fine-grained. The mathematical expression for Y/ is represented
by Equations (21) and (22).

vb = [-a,a] (21)

a= arctanh(—(ij + 1} (22)
T

where: V0 is the oscillation amplitude parameter, and T is the maximum number of iterations.

In the mathematical modeling of the SMA, whether an individual is closer to the optimal
solution depends not only on the position of the current best individual but is also influenced by its

“relative fitness”. To reflect this difference, the algorithm introduces a weight 7, the value of which
is dynamically adjusted based on the individual’s ranking in the population (Smelllndex) and the
difference between the best and worst fitness. When an individual’s performance is close to the

optimal solution, " takes a larger positive value, making it converge more actively toward the
optimal solution; conversely, individuals with poorer performance receive smaller or even lower
weights, corresponding to a “weakening of the approach behavior “, to avoid the entire population
concentrating too quickly. This design compresses the value range through a log function to ensure

W varies within a reasonable interval. The mathematical expression for " is represented by
Equations (23) and (24).

1+7-log (% + IJ, condition
W (Smelllndex(i)) = bF ;V ) (23)
1—r'log(_—(l)+lj, other
bF — wF
Smelllndex = sort(S) (24)
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where: bF is the best fitness value in the current iteration, wF is the worst fitness value in the current
iteration, Smelllndex is the sequence of fitness values of the slime moulds, and condition refers to the
slime mould individuals ranked in the first half of fitness.

3.1.2. Wrap Behavior

When the slime mould finds food, it does not approach from a single direction alone; instead, it
gradually contracts and strengthens the surrounding veins, ultimately wrapping around the food to
become a center for cytoplasm energy transport. During this process, high-nutrient paths leading to
the food gradually thicken, allowing a greater influx of material, whereas ineffective or nutrient-poor
paths gradually contract until they vanish to conserve energy. Furthermore, a portion of the slime
mould continues to diffuse outward, maintaining population diversity to ensure other potential
resources can be located should the current food source become insufficient. This mechanism of
“concurrent concentration and contraction” enables the slime mould to pinpoint the food location
while avoiding excessive convergence. The mathematical expression for this wrap food behavior is
represented by Equation (25).

rand -(UB-LB)+LB

, rand <z
X =X, +vb- (WX ,()-X,(0) . r<p (25)
ve+ X (f) Lr2p

where: UB is the upper bound of the search space, LB is the lower bound of the search space, rand is

a random number in [0.1] , and z is the probability threshold.

3.1.3. Oscillation Behavior

In nature, even after the slime mould has found food, its veins still maintain periodic contraction
and dilation. This “oscillation” behavior avoids local stagnation, ensures the continuous flow of
cytoplasm, and allows for direction adjustment at any time. The random changes brought about by
oscillation enable partial pathways to temporarily reverse or weaken, maintaining the population’s
exploration capability. On the other hand, as time progresses, the oscillation amplitude gradually
diminishes, allowing energy to ultimately concentrate on the best food source, completing the
transition from “global” to “local”. In the mathematical modeling of the SMA, this oscillation
behavior is not determined by a single factor but is realized through the combined action of three

—

elements: the weight " mentioned earlier that strengthens or weakens the contribution of

individuals with high or low fitness; the stochastic vector vb which simulates the randomness of

—

vein flow direction switching; and the random control vector Y¢ whose range linearly decreases to
zero with the total number of iterations. In other words, oscillation is the core mechanism for
maintaining the balance between exploration and convergence during the evolutionary process of
the SMA, enabling the algorithm to both escape local optima and gradually converge to the global
optimum.

3.2. Sliding Mode Controller

In general, under most circumstances, traditional P-I controllers can achieve satisfactory control
performance under fixed operating conditions. However, because the dynamic behavior of induction
motors is highly nonlinear and involves multivariable coupling, their equivalent parameters change
with load, temperature, and magnetic saturation, leading to uncertainty in the system model.
Coupled with external disturbances and sudden load changes, it is often difficult for simple P-I
control to maintain stable performance. To overcome these limitations, intelligent control methods
are often introduced in research, or multiple control strategies are combined, to provide the controller
with better robustness and self-adaptive capabilities.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Among them, SMC belongs to the category of variable structure control (VSC) [19]. Its advantage
is a lower dependence on the precise model of the system. By designing a suitable sliding mode
surface, the nonlinear dynamics of the IM can exhibit characteristics similar to a linear system during
the sliding mode phase, thereby providing good anti-interference capabilities and robustness,
making it particularly suitable for IM control requiring high-speed response and high reliability.

3.2.1. State Variable Design

In speed tracking control, the objective is to make the error value between the speed command

®m and the actual feedback speed Om zero, i.e., Pm” POm = 0, Simultaneously, the rate of change

of the error must also converge to 0 to ensure the system achieves a steady state. At this time, the

output of the controller is the g-axis current command ', 50 the state variables of the IM system can
be expressed as Equation (26).

xl = w:m - wrm
(26)

X, =X =-0

rm

By performing differentiation based on Equations (11) and (26), the dynamic relationship of the
state variables can be obtained, expressed as Equation (27).

m .

. . 1 3P
xl = _a)rm = 7(TL +Ba)rm _TL_lqs¢r)

r

(27)
%, =i, =132 L ¢, +Bao
2 rm J 4 Lr qs Tr rm
L
p=j (e )
Let " , and substitute it into Equation (27) to obtain Equation (28).
.. 1(3PL, . B . . B
X, =—0, =——| ——1i +—w,=-Di ——x 28
2 m J[4 Lr qs¢rj J rm qs J 2 ( )

3.2.2. Sliding Mode Dynamic Trajectory Design

The core concept of sliding mode control is to cause the system state to move along a sliding
mode dynamic trajectory. This sliding mode dynamic trajectory function can be defined through a
function composed of a set of state variables and control gains, as shown in Equation (29).

5, = X, + X, (29)

where: “'is the sliding mode dynamic trajectory function, € is the sliding mode dynamic trajectory

control gain, and M and ™2 are the state variable functions.

=0and* =% must be satisfied. When the sliding

cxtx, =cx +x =

To achieve system stability, the conditions ™

s, (xl,x2)=0,1 X,

mode function et =% , and we obtain 0 . From this, the system state

variables ™ and ™ can be derived, as shown in Equation (30).
{xl =x,(0)e ™

x, =—cx, (0)e™™

(30)

In summary, as time progresses, both state variables ™' and *> gradually decay to 0 at an

exponential rate. In other words, when * =0 , it indicates that the system is operating along the
designed sliding mode dynamic trajectory. When the sliding mode dynamic trajectory function is

s, =cx,

designed as X2 and after the system reaches the sliding mode dynamic trajectory 5 =0 ,its

state variables will gradually approach zero, thereby achieving the objective of state variable control.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1268.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2026 d0i:10.20944/preprints202604.1268.v1

9 of 19

3.2.3. Sliding Mode Reaching Law Design

To ensure that the sliding mode dynamic trajectory function *! can converge to 0 at a certain point
in time (i.e., the system reaches the sliding mode dynamic trajectory) and maintain stable operation,
a suitable reaching law function must be designed [20]. According to the design of the sliding mode

dynamic trajectory, to achieve ! ~ 0 , an appropriate control output function u must be designed to
satisfy the control conditions. Therefore, Equation (29) can be rearranged in to Equation (31).

S, =cX, +X, =cx, + X, =cx, _Dl:qs_ij (31)

s

Based on the fact that the controller output ‘s is the g-axis reference current, let the output
functionbe ¥~ % . Thus, Equation (31) can be rewritten as Equation (32).

S, = c—E x, —Du
Sl_( Jj2 D (32)

where: ' is the reaching law function.

According to the Lyapunov stability second method [21], assuming there exists a continuous

function /' that satisfies three conditions, it can be determined that the system is at the equilibrium
point 5 =0 ,l.e., lim,_,, 5,(6)=0 , as shown in Equation (33).

@»ro=0

)WV (s)>0,s,#0 (33)

(3)V(s,)<0,5, %0

a2
In addition, if V'=57/2 5 setasthe Lyapunov function, it can simultaneously satisfy condition
(1) and condition (2) in Equation (33), and the third condition can be further derived from its time
differentiation, as shown in Equation (34).

V(x) = 5,5, (34)
Based on the aforementioned derivation, in order for the system to satisfy the stability condition,

it is necessary to design an appropriate reaching law function S such that V) =55 <0 poigs,
Common forms of reaching laws mainly include the constant speed reaching law and the exponential
reaching law. Among them, the constant speed reaching law and the exponential reaching law can
be expressed as Equation (35) and Equation (36), respectively.

5, =—€sgn(s,),e>0 (35)

$, =—¢&sgn(s,)—gs,,€>0,g>0 (36)

where: €is the constant speed reaching gain, s the exponential reaching gain, and sen(s1) s
function symbol, expressed as Equation (37).

sgn(s,) = {

L, 5>0 -
-Ls, <0 (37)
Based on the settings of the two aforementioned reaching law functions, an analysis of the

sliding mode variable yields its dynamic relationship as $ =—¢sgn(s),¢ >0

u =—cx, —esgn(s;) —gs,

. From Equation (32),

the controller’s can be derived, serving as the control force function u
applied to the motor model. Under this control action, the system state is guided to the designed
sliding mode dynamic trajectory, causing the final response to stabilize at the origin point

corresponding to said sliding mode dynamic trajectory.
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3.2.4. Controller Output Design

According to the aforementioned reaching law design, the first two conditions of the Lyapunov

function in Equation (33) can ensure fim, .., 5(£)=0

. However, if the constant speed reaching law in
Equation (35) is adopted, although the conditions of the Lyapunov function can be satisfied

t=1s t=100s

regardless of whether or when =0 (meaning the sliding mode dynamic
trajectory is reached), its dynamic performance is subject to additional limitations because its
response speed is a fixed constant value. If its gain value is increased to accelerate the reaching speed,
it is easy to cause significant chattering near the sliding mode dynamic trajectory; conversely, if the
gain value is lowered to suppress chattering, the system requires a longer time to reach the sliding
mode dynamic trajectory. Based on the above phenomena, the constant speed reaching law often

struggles to simultaneously balance speed and stability in practical applications. Therefore, the
exponential reaching law adopted in this paper introduces an exponential reaching term ~ 7' . When
the sliding mode dynamic trajectory function *' is small (i.e., the system state is close to the sliding
mode dynamic trajectory), S =95 approaches 0, at which time the system dynamics are
dominated by ~¢ sgn(s:) ; conversely, when the sliding mode dynamic trajectory function is large (i.e.,

the system state is far from the sliding mode dynamic trajectory), the value of % =~ 9% will also be
large, enabling the system to move rapidly toward the sliding mode dynamic trajectory with a larger
reaching speed. From this, it can be seen that the exponential reaching law can automatically adjust
the reaching speed according to the system state, making it more suitable for application in control
systems with large parameter fluctuation ranges or significant load disturbances.

In summary, the exponential reaching law possesses superior adaptive characteristics compared
to the constant speed reaching law; therefore, this paper selects the exponential reaching law as the
reaching function for the sliding mode surface. From Equation (36), it can be seen that when only the

exponential reaching term 7% is considered, the solution for its corresponding sliding mode
dynamic trajectory function can be expressed as Equation (38).

5, (1)=5,(0)e” (38)
This paper adopts the exponential reaching law function as the applied reaching law.

Furthermore, from Equation (29), it is known that ' s the output of the controller. Therefore, by

letting the controller function U=ty Equation (32) can be rewritten as Equation (39).

. B
s, = (c—jsz —Du =—¢sgn(s,)—gs, (39)
The expression for the controller function u is represented by Equation (40).
u :%Hc—gsz +gsgn(sl)+qsl} (40)

ok

From Equation (40), the 1 _axis reference current ' can be expressed as Equation (41).

i;‘s :%I[(c—?sz + &sgn(s,) +gs, }dt (41)

3.3. Speed Control of SMA Combined with SMC

Based on the aforementioned discussion, this paper adopts the exponential reaching law sliding
mode controller as the speed controller for the IM drive system. However, to effectively suppress
speed overshoot and enhance the speed and stability of speed tracking, this paper introduces the
SMA to dynamically adjust the three gain parameters of the exponential reaching law sliding mode
controller. Specifically, the upper and lower bounds of these parameters are set as the search space,
and the speed error between the motor speed command and the actual speed, along with its rate of
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change, are used as features to establish the initial fitness value. The algorithm first evaluates the
population fitness distribution to identify the current best position and best fitness value.
Subsequently, it executes the wrap behavior via the second term of Equation (25), utilizing the
aforementioned best solution to guide the population position and strengthen local search
capabilities. Finally, the third term of Equation (25) is used to introduce an oscillation mechanism to
avoid becoming trapped in local minima, thereby gradually approaching the global optimal solution
and determining the suitable three gain parameters for the exponential reaching law sliding mode
controller. The dynamic adjustment process of the SMA is detailed below, and its control flowchart
is shown in Figure 2.

Step1:  Set relevant parameters: such as slime mould population size N, dimension dim,
maximum number of iterations T, search space range [b,,ub, ], random numbers r and rand,

probability threshold z, and weights a(#;) and B(W,).

Step 2:  Initialize the position X and fitness value F of each slime mould.
Step 3:  First, a slime mould individual is randomly selected as the initial search slime mould
SM,, and its position coordinate values are directly input into the exponential reaching law

sliding mode controller. Subsequently, the integral of absolute error (IAE) is adopted to calculate
the system feedback speed error e and the rate of change of the speed error ¢, and the initial
fitness value is calculated based on the set weight values a(#,) and B(W,) . The weight values
represent the relative importance of each feature quantity. According to the analysis of the
sliding mode dynamic trajectory function in Equation (23), it is known that this controller
possesses compensation and correction effects regarding the rate of change of the speed error;
therefore, in the initial stage, a(#)=0.7 and B(W,)=0.3 are set, with a(W)+pB(W,)=1. In
subsequent iterations, the weight update mechanism of the SMA in Equation (23) of Step 5 is
used to dynamically adjust the aforementioned weights, and based on this, the IAE is utilized to
calculate the fitness value F, of the search slime mould, as shown in Equation (42).

E=ath) e[+ %) 3e,| 42

where: % and “ are the error and the rate of change of the error of the i-th slime mould in the ¢-
th iteration, respectively.

Step 4: Based on the fitness values calculated in Step 3, all slime moulds are sorted. The best
fitness bF, the worst fitness wF, and the global best position X,,, in the current population are

est

recorded. This sorting result will serve as the basis for the subsequent calculation of weights.
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Set relevant parameters: Slime mould population size N, dimension dim,
maximum number of iterations 7, search space|
range [ Ib,,ub, ], random numbers r and rand,
threshold z, and weight values (W, )andg(W,)

Initialize the position X and fitness value F for each slime mould, and set
1=0.

N
2
Use TAE as the fitness function to calculate the weighted sum of the|
feedback error e and the error rate of change é based on the set weights.

Sort individual fitness values and obtain the current best and worst|
values.

Calculate the slime mould food wrapping weight using Equation (23). |

12

| Update a using Equation (22). |

‘@ No

ra

Yes

Update /" position using the first
term of Equation (25).

Update /" position using the second Yes
term of Equation (25).

No

Update ¢, v, and update p using|
Equation (20).

Update %" position using the third

term of Equation (25).

Update and record the best fitness and best position
obtained so far.

Figure 2. Control flowchart of the proposed novel SMA.

Step 5: At the current iteration number ¢, for each slime mould individual X, , first calculate the
approach food probability p using Equation (20) based on its current fitness value S(i) and the
best fitness bF in the population so far. Then, update the range a of the oscillation control
parameter according to Equation (22) to determine the oscillation vector vb , and
simultaneously update the linearly decreasing control vector ve . Finally, calculate the

corresponding adaptive weight W via Equation (23) to provide the proportion for regulating
exploration and exploitation behaviors during the subsequent position update. Furthermore,
feed this weight back into the fitness function to serve as the basis for dynamically adjusting the
weight coefficients a(#|) and B(W,) within the integral of absolute error (IAE) formula.

Step 6:  For each dimension j of each slime mould individual X, calculate its candidate position
X" according to the single integrated position update Equation (25) of the SMA. This
mechanism first determines whether to execute the first term of Equation (25) by judging if rand >
z; if the random distribution is not triggered, it decides whether to execute the second term of
Equation (25) based on r < p; otherwise, it executes the third term of Equation (25). After
completing the position update, use it as the basis for the subsequent fitness evaluation and
population sorting.
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Step7:  After all slime mould individuals have completed their position updates, sort the
population fitness, and update the worst fitness wF and the best fitness bF to the global best
record values achieved so far.

Step 8:  Update and record the best fitness value and best position obtained so far. If the iteration
count has reached the preset maximum number of iterations, stop the iteration and output the
coordinate values of the best position to adjust the three gain parameters of the exponential
reaching law sliding mode controller, and determine the final output i of the controller via

Equation (41).
To illustrate the configuration of the overall control architecture, the proposed slime mould
algorithm combined with exponential reaching law sliding mode controller (SMAERLSMC) is

integrated into a traditional sensorless FOC IM drive system. The overall block diagram is shown in
Figure 3.

—_—— e o — —

I I Speed controller rd -q axis currena

o | controllers I
m
- Slime mould ERLSMC

- algorithm

[ ™ Coordinate |
transformation

Flux
estimator

I estimator

|
Speed ||
|
|

Figure 3. Block diagram of the sensorless FOC IM drive system utilizing the novel sliding mode speed controller
combined with SMA.

4. Simulation Results

To verify the performance of the proposed robust controller, this paper utilizes Matlab/Simulink
to conduct simulation verification of the speed control for the IM drive system. The motor
specifications are shown in Table 1. The speed control performance of the IM is compared under
identical test conditions using four types of controllers: the slime mould algorithm combined with
exponential reaching law sliding mode controller (SMAERLSMC), the constant speed reaching law
sliding mode controller (CSRLSMC), the exponential reaching law sliding mode controller (ERLSMC),
and the zebra optimization algorithm combined with exponential reaching law sliding mode
controller (ZOAERLSMC). Figures 4a—d and 5a-d present the simulation results of the speed
command tracking response for the IM under loads of 1 N-m and 2 N-m, respectively, with the speed
command rising from 0 to different speed commands (1000 rpm, 2000 rpm, 3000 rpm, 4000 rpm).
Figure 6a—d show the simulation results of the load regulation response for the IM under different

speed commands (1100 rpm, 2100 rpm, 3100 rpm, 4100 rpm), where the load torque variation is L
0170270 N-m. From the simulation results, it can be observed that the CSRLSMC, due to
the absence of integral action in its control structure, cannot ensure that the speed stably converges
to the speed command during actual operation control, and the tracking process requires a longer
time; furthermore, in terms of load regulation response, its speed recovery time is longer, and it
exhibits a larger speed drop. While the ERLSMC presents a faster response in speed command
tracking, it easily produces overshoot during the dynamic tracking process, leading to concerns
regarding system stability. From Figures 4 and 5, it can be observed that although the ZOAERLSMC

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1268.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2026

d0i:10.20944/preprints202604.1268.v1

14 of 19

can effectively suppress overshoot during the dynamic response process compared to the pure

ERLSMC, this controller can still be further optimized in the balance between speed tracking and

load regulation. Specifically, under load variations, its transient response and speed recovery

capability remain insufficient. However, if the SMA is adopted to dynamically adjust the three gain

parameters of the ERLSMC, it can not only effectively suppress the overshoot caused by the pure

ERLSMC but also possess superior control performance in load regulation response compared to the

other three types of controllers. Compared to other control strategies, the SMAERLSMC proposed in

this paper can simultaneously balance the capabilities of command tracking speed and overshoot

suppression, and regarding load regulation response, its overall control performance is superior to

the other three types of controllers.

Table 1. Specifications of the adopted IM.

Electrical specifications Values
Three-phase rated voltage AC180V
Three-phase rated current AC7.65A

Rated power 1.9 kW
Rated speed 4750 rpm
Operating frequency 80 Hz
Number of poles 2
Stator resistance 0.6797 Q
Rotor resistance 0.6327 Q
Armature inductance 53.423 mH
Mutual inductance 51.75mH
Moment of inertia 0.003 kg-m*
Viscous friction coefficient 0.0001 N-m-s
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Figure 4. Comparison of tracking responses between the proposed SMAERLSMC, the CSRLSMC, the ERLSMC,
and the ZOAERLSMC under a load of 1 N-m, where the speed command rises from 0 rpm to different speed
commands: (a) “: 071000 rpm; (b) “: 02000 rpm; (¢) “: 073000 rpm; (d) “r: 0~ 4000 rpm.
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Figure 5. Comparison of tracking responses between the proposed SMAERLSMC, the CSRLSMC, the ERLSMC,
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Figure 6. Comparison of load regulation responses between the proposed SMAERLSMC, the CSRLSMC, the
ERLSMC, and the ZOAERLSMC, where a load of 1 N-m is applied at 2 seconds and unloaded at 2.5 seconds;

then a load of 2 N-m is applied at 3 seconds and unloaded at 3.5 seconds: (a) “*=1100 rpm, TL.o—>170>
270 N-m; (b) “»=2100rpm, 2:0>1>0>2>0N-m; () ®»=3100rpm, +:0=>1—>0~>2—>0 N-m;
d) “»=4100rpm, 1::0>1>0~>27>0N-m.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202604.1268.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2026 d0i:10.20944/preprints202604.1268.v1

16 of 19

5. Conclusions

This paper proposes a SMAERLSMC to replace the P-I controller in traditional FOC, and applies
it to IM speed control. Unlike the design of traditional fixed weights or general linear decreasing
strategies, this study introduces the dynamic weight mechanism unique to the slime mould algorithm.
This mechanism requires very low additional computational cost to utilize feedback on individual
quality, realizing adaptive adjustment of the fitness function, thereby altering the search convergence
path to precisely optimize the gains of the sliding mode controller. This control strategy not only
effectively suppresses the speed overshoot caused by the ERLSMC but also overcomes the issue of
poor load regulation response performance found in the CSRLSMC. Simultaneously, simulation
results demonstrate that the robust controller proposed in this paper is superior to the ZOAERLSMC
and two common reaching law sliding mode controllers in terms of speed tracking and load
regulation performance. In particular, through adaptive weight calculation, it exhibits better
robustness under load variations. Furthermore, the proposed controller features a simple architecture,
low computational burden, and does not require large amounts of training data, making it easy to
implement.
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Nomenclature

Acronyms

M :  induction motor

FOC :  field-oriented control

SMA :  slime mould algorithm

SMT : sliding mode theory

ZOA :  zebra optimization algorithm

P-1 1 proportional-integral

SMC :  sliding mode controller

ETERLSMC : extension theory combined with sliding mode controller

NNSMC ¢ neural network sliding mode controller

2DOFC 1 two-degree-of-freedom controller

PSO 1 particle swarm optimization

SVPWM 1 space vector pulse width modulation

VsC :  variable structure control

SMAERLSMC : slime mould algorithm combined with exponential reaching law sliding mode controller

CSRLSMC : constant speed reaching law sliding mode controller

ERLSMC : exponential reaching law sliding mode controller

ZOAERLSMC : zebra optimization algorithm combined with exponential reaching law sliding mode
controller

Symbols

R, :  stator resistance

R, :  rotor resistance
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stator inductance

rotor inductance

mutual inductance
synchronous angular velocity
rotor electrical angular velocity
d and g axis stator currents

rotor d and q axis fluxes
leakage inductance coefficient
load torque

moment of inertia

viscous friction coefficient
mechanical angular velocity
number of poles

leakage coefficient

slip speed

estimated flux

Laplace operator

new position for the approach food behavior

optimal position of the slime mould individual at the ¢-th iteration
control vector that linearly decreases from one to zero
positions of two individuals randomly selected from the slime mould

current position

current iteration count

switching probability

random number in the range [0,1]

fitness value of the i-th slime mould

best fitness value found in all iterations
oscillation amplitude parameter

maximum number of iterations

weight

best fitness value in the current iteration
worst fitness value in the current iteration
sequence of fitness values of the slime moulds
slime mould individuals ranked in the first half of fitness
upper bound of the search space

lower bound of the search space

random number in [0,1]

probability threshold

commanded rotor speed

sliding mode dynamic trajectory function

sliding mode dynamic trajectory control gain

state variable of speed difference

state variable of rate change of the speed difference
control force function

Lyapunov’s second stability criterion continuous function
stator reference current of the g-axis

reaching law functions

constant speed reaching gain

exponential reaching gain

function symbol of sign

speed difference

rate change of the speed difference

weight values
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