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ABSTRACT

Direct torque control is a widely used control method for induction motors be-
cause it offers rapid dynamic response and relatively simple implementation.
However, it presents high torque and flux ripples and variable switching frequen-
cies. To overcome these constraints, the double-power super-twisting sliding
mode (DPSTSM) control approach has been proposed, integrating the advan-
tages of the super-twisting algorithm designed to reduce chattering with those
of the double power convergence law aimed to improve system speed and dy-
namic quality. However, the optimal tuning of the sliding mode gains of the
double-power super-twisting sliding mode controller represents a considerable
challenge. To address this issue, we proposed an improvement to the DPSTSM
algorithm through the integration of a single-neuron adaptive algorithm. The
single-neuron adaptive double-power super-twisting sliding mode control ap-
proach aims to dynamically adjust the controller gains, while delivering supe-
rior performance in terms of chattering reduction, improved dynamic response,
and enhanced robustness to load disturbances. A detailed investigation was car-
ried out via MATLAB/Simulink simulations to determine the effectiveness of
the proposed control strategy.
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1. INTRODUCTION
Induction motors (IM) have attained considerable acclaim in industrial and transportation sectors due

to their cost-effectiveness, durability, and minimal maintenance requirements [1]–[4]. It accounts for more
than 60% of the total electrical energy consumption within the industrial sectors of developed countries [5].
Analyses predict that the induction motor industry is expected to achieve a compound annual growth rate of
3.72% from 2019 through 2028, culminating in a market worth $20,316 million by the year 2028 [6].

However, these motors pose distinct challenges regarding control owing to their non-linear dynam-
ics and susceptibility to parameter variations [7]–[9]. Their control requires advanced strategies to ensure
optimal operational performance. Direct torque control (DTC) is frequently employed in induction machine
applications, as it provides a swift dynamic response and facilitates straightforward implementation [10], [11].
However, traditional DTC exhibits notable drawbacks, including high torque and flux ripples alongside vari-
able switching frequencies [12]–[14]. This variability stems from its hysteresis-based control system, which
triggers switching at irregular intervals [15]. These issues detrimentally influence system performance, induce
mechanical vibrations, and increase component wear.
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In order to address these limitations, the double-power super-twisting sliding mode (DPSTSM) algo-
rithm has been introduced [16], integrating the beneficial characteristics of the super-twisting algorithm (STA),
which mitigates the chattering phenomenon [17]–[20], alongside those of the double power sliding mode reach-
ing law (DPSMRL), which enhances both the reaching speed and the dynamic quality of the system [21], [22].
As delineated in the study [16], the efficacy of the proposed controller is assessed within the framework of DTC
for induction motor-driven electric vehicles, and is juxtaposed with the performance of proportional-integral
(PI), fuzzy logic, and super-twisting sliding mode controllers. The results indicate that the DPSTSM control
enhances the robustness of the control system and substantially mitigates chattering, whilst preserving elevated
dynamic performance. However, since the operating conditions of IMs vary considerably due to various factors
such as load changes, temperature variations and component ageing, determining the optimum sliding-mode
gains of the DPSTSM controller is a major challenge in maintaining optimum performance. Incorrect setting of
these parameters can lead to degraded dynamic performance and even system instability, which is unacceptable
in critical industrial environments.

In response to the aforementioned challenges, this paper introduces an enhancement of the DPSTSM
algorithm that incorporates an adaptive single-neuron approach. The single-neuron adaptive method provides
an effective solution for dynamically adjusting controller parameters. This methodology leverages the learning
and adaptive proficiencies inherent in neural networks, even when represented in a simplified architecture
comprising a single neuron, to fine-tune controller parameters in alignment with fluctuations in operational
circumstances without unnecessarily complicating the controller [23]–[25]. In contrast to conventional multi-
layer neural networks, the utilization of a single neuron diminishes computational complexity and promotes
practical applicability, while simultaneously preserving a robust capacity for adaptation [26], [27].

Recent researches suggest that applying artificial intelligence strategies, like neural networks and
adaptive algorithms, can bring about noteworthy improvements in dynamic response and stability indicators.
In [28]–[31], researchers employed neural adaptive control mechanisms to calibrate the three essential PID
control parameters, specifically the proportional, integral, and derivative coefficients, thereby addressing the
challenge posed by the complex gain parametrization inherent in traditional PID controllers. The findings
demonstrated that neural adaptive control significantly elevates the performance of conventional PID control
systems, providing augmented robustness, stability, and dynamic operational efficacy.

By incorporating a single adaptive neuron within the framework of the DPSTSM algorithm, our ob-
jective is to enhance the robustness and dynamic responsiveness of the system while concurrently mitigating
torque and flux ripples. This paper is organized as follows: The second section elucidates the principles un-
derlying the single-neuron adaptive methodology and its integration into the DPSTSM controller tailored for
the direct torque control approach. The third section presents the methodologies used for system modeling
and simulation. Subsequently, we present the simulation results and a detailed performance analysis of the
proposed system. At the end of the study, we conclude by summarizing the main contributions.

2. SINGLE-NEURON ADAPTIVE DOUBLE-POWER SUPER-TWISTING CONTROLLER DE-
SIGN

2.1. Double-power super-twisting controller
The DPSTSM algorithm has been designed to enhance the performance of the STA algorithm by

exploiting the properties of the DPSMRL [16]. The main idea is to replace the switching mechanism of the
STA with that of DPSMRL. The fundamental structure of this algorithm is delineated as (1).


dx1

dt
= −k1ϕ1 (x1) + x2 + φ1 (x1, t)

dx2

dt
= −k2ϕ2 (x1) + φ2 (x2, t)

(1)

With: ϕ1(x) = |x|1/2 sign(x) + λ|x|3/2 sign(x)

ϕ2(x) =
(
ϕ2
1(x)

)′
= 2ϕ1(x) · ϕ1(x)

′ = sign(x) + 4λ|x| sign(x) + 3

2
λ2|x|2 sign(x)

; λ ≥ 0
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where k1 and k2 are sliding mode gains coefficients. If for constants δ1 ≥ 0 and ξ1 = 1
ϕ
′
1 (x1)

as (2).

|φ1| ≤ δ1 |ζ1| and φ2 = 0 ; ∀t ≥ 0 (2)

The system will approach the equilibrium point x(0, 0) within a finite temporal duration, provided that the
sliding mode gains k1 and k2 satisfy the conditions as (3) [16].{

k1 > 2δ1

k2 > k1
5δ1k1+4δ21
2(k1−2δ1)

(3)

As detailed in [16], the DPSTSM control command is expressed as (4).

u(t) = −k1

((
|s(t)| 12 + λ|s(t)| 32

)
sign(s(t))

)
−

∫
k2

((
1 + 4λ|s(t)|+ 3

2
λ2|s(t)|2

)
sign(s(t))

)
(4)

With s(t) the sliding variable.
Although the controller ensures system stability as long as the gains satisfy the stability conditions as

(3), these conditions allow a wide range of values, which makes it difficult to calculate the specific gain values
k1 and k2. This causes problems for the design of optimal controller parameters.

To solve this problem, we designed a single-neuron adaptive double-power super-twisting sliding
mode (SNA-DPSTSM) controller for adjusting the gain of the DPSTSM controller in real-time. This approach
merges the benefits of the single-neuron adaptive control method, known for its simplicity and adaptability,
with the principles of DPSTSM control theory. The specific steps involved in designing this control algorithm
are described in 2.2.

2.2. Single-neuron adaptive double-power super-twisting sliding mode controller design
Figure 1 shows the overall block diagram of the SNA-DPSTSM controller approach proposed in this

study, where the control u(k) is dynamically adjusted as a function of the sliding variable s(k). Since the single-
neuron controller operates using a numerical control, it is essential to discretize the DPSTSM control command
described in (4). We used the direct finite difference method for this discretization. This approach allowed us
to transform the continuous controller into an incremental controller, adapted for a numerical environment.

The discrimination of u(t) is given by (5):

u(k) = k′1|s(k)|
1
2 sign(s(k)) + k′2|s(k)|

3
2 sign(s(k)) + k′3

k∑
i=0

sign(s(i))

+k′4

k∑
i=0

|s(i)| sign(s(i)) + k′5

k∑
i=0

|s(i)|2 sign(s(i))

(5)

With (6):
k′1 = k1
k′2 = k1λ
k′3 = k2
k′4 = 4k2λ
k′5 = 3

2k2λ
2

(6)

The incremental controller is given by (7).

∆u(k) = u(k)− u(k − 1)

= k′1

(
|s(k)| 12 sign(s(k))− |s(k − 1)| 12 sign(s(k − 1))

)
+ k′2

(
|s(k)| 32 sign(s(k))− |s(k − 1)| 32 sign(s(k − 1))

)
+ k′3 sign(s(k)) + k′4|s(k)| sgn(s(k)) + k′5|s(k)|2 sign(s(k))

(7)
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We define the set variables as (8).
v1(k) = |s(k)| 12 sign(s(k))− |s(k − 1)| 12 sign(s(k − 1))

v2(k) = |s(k)| 32 sign(s(k))− |s(k − 1)| 32 sign(s(k − 1))
v3(k) = sign(s(k))
v4(k) = |s(k)| sign(s(k))
v5(k) = |s(k)|2 sign(s(k))

(8)

These state variables are the inputs to our single neuron, as shown in Figure 1. To each input variable
vi(k), we assign a weighting factor ωi(k). Based on the input variables and the weighting factors, the neuron
calculates the incremental controller as in (9).

∆u(k) = K

5∑
i=1

ωi(k)vi(k) (9)

Where K is the neuron gain coefficient K > 0, and k′i = Kωi(k) for i = 1, . . . , 5.
Adaptive learning was chosen for the adjustment of the weighting factors because it allows the weights

to be dynamically modified in response to variations in the error. This approach guarantees a faster and more
stable convergence of the model. We define the objective function J as a measure of the squared error J =
s(k)2

2 , given as (10).

∆ωi(k) = −ηi
∂J

∂ωi
(10)

Using improved Hebb-supervised learning, we obtain (11).

∆ωi(k) = ηis(k)u(k − 1)(2s(k)− s(k − 1)) (11)

To avoid uncontrolled weight gain, the output is obtained after normalizing the weighting factors as in (12).

∆u(k) = K

5∑
i=1

ω′
i(k)vi(k) with: ω′

i(k) =
ωi(k)∑5
i=1 ωi(k)

(12)

Whereas in (13).

ωi(k) = ωi(k − 1)− ηis(k)u(k − 1)(2s(k)− s(k − 1)) (13)

The SNA DPSTSM control command will be expressed as (14).

u(k) = u(k − 1) +K

5∑
i=1

ω′
i(k)vi(k) (14)

Figure 1. Block diagram of SNA-DPSTSM controller
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3. SYSTEM MODELING AND SIMULATION METHODOLOGY
3.1. Integration the SNA DPSTSM controller in DTC control

In order to verify the accuracy and efficiency of the proposed SNA DPSTSM controller, we tested it
in the context of DTC control of an induction motor [16]. Figure 2 shows the block diagram of the DTC control
of an IM based on a SNA DPSTSM controller. This control algorithm is integrated into the closed-loop speed
control. The SNA DPSTSM controller calculates the control command u(k) based on the speed error. The
reference torque T ∗

em is calculated according to (15) [16].

T ∗
em = fvω

∗
m + Jω∗

m + TL − Ju (15)

3.2. System modeling and simulation methodology
To test in detail the performances of the SNA DPSTSM proposed controller, simulations were per-

formed using MATLAB/Simulink. Figure 3 shows the simulation model structure of the induction motor (IM)
controlled by the DTC strategy based on the SNA-DPSTSM speed controller. The detailed modeling of the
DTC control of IM is presented in [16].

Figure 2. Block diagram DTC control of IM based on a SNA DPSTSM controller

Figure 3. General system modeling structure of DTC based on SNA DPSTSM controller
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4. SIMULATIONS AND RESULTS
In this section, we delineate the simulation outcomes acquired to assess and scrutinize the efficacy

of the proposed SNA DPSTSM controller. These performance metrics are evaluated alongside those of the
DPSTSM and PI controllers [16]. For the simulation, we chose a 4 KW induction motor with two pairs of
poles, whose parameters are summarized in Table 1. The PI and DPSTSM controller parameters used for the
simulation were Kp = 8, Ki = 32, K1 = 35, K2 = 15, and λ = 3/2, which were optimized using the trial-
and-error approach. The neuron’s gain coefficient was set to K = 25, and the initial values of the weighting
factors were 0.1.

Table 1. Induction machine parameters
Parameter Value Parameter Value
Nominal power 4 kW Stator resistance (Rs) 1.405 Ω
Nominal voltage 400 V Rotor resistance (Rr) 1.395 Ω

Frequency 50 Hz Stator inductance (Ls) 0.005839 H
Inertia (J) 0.0131 kg.m2 Rotor inductance (Lr) 0.005839 H
Friction factor (fv) 0.002985 N.m.s Mutual inductance (Lm) 0.1722 H

Firstly, we examine the controller’s responses to a reference speed setpoint of 75 rad/s applied at
0.05 s and a load torque of 28 Nm introduced at 0.3 s. The reference value of the stator flux module is
set to 1.1 Wb. Simulation results are presented in Figure 4. The speed response of the three controllers,
illustrated in Figure 4(a), shows that, under the action of the PI control, the motor speed follows the reference
value with an overshoot of 5.84% and a steady-state error of 0.12 rad/s in the absence of load and 0.43 rad/s
when load is applied. On the other hand, under the command of the DPSTSM controller, the motor operates
without overshoot, but has a relatively longer regulation time: 0.15 s for speed variation and 0.03 s for torque
variation. In contrast, the SNA DPSTSM proposed controller demonstrated superior performance in terms
of both response time and steady-state error. Under the control of the SNA DPSTSM controller, the motor
accurately follows the setpoint signal without displacement, with a very fast response time of 12 ms for speed
variation and just 2 ms for torque variation adjustment.

As shown in Figures 4(b) and 4(c), the integration of the single-neuron adaptive algorithm into the
DPSTSM has significantly reduced stator flux and torque ripples. This approach decreases steady-state torque
ripples to 14.64%, compared with 15.88% for the DPSTSM and 17.83% for the PI. In addition, the proposed
SNA-DPSTSM controller minimizes flux fluctuations by 60% compared with the DPSTSM. To further assess
the effectiveness of the proposed controller, we test its robustness and stability under more demanding operating
conditions. We apply a reference speed setpoint varying between 0 rad/s and 157 rad/s over a period of 22 s,
with a rectangular load torque signal of 14 Nm amplitude applied between 5 s and 17 s.

Variations of the controller parameters k1, k2, k3, k4 and k5 are shown in Figures 5(a)-5(e). The results
clearly demonstrate the ability of the proposed single-neuron adaptive algorithm to dynamically and optimally
adjust these parameters according to the operating conditions of the system. Figure 5(f), which illustrates the
variation of the objective function J , shows that the latter converges to 0 in steady state. This shows that the
proposed algorithm succeeds in efficiently minimizing the error.

The simulation results, presented in Figure 6, illustrate that under the action of the SNA-DPSTSM
controller, the motor speed follows the reference signal quickly and efficiently, without overshoot, while main-
taining overall system stability. Unlike the PI and DPSTSM controllers, the adaptive neural network controller
showed robustness to load disturbances and the ability to adapt dynamically to changing operating conditions.
In addition, a comparative study was conducted using minimization criteria, specifically the integral square er-
ror (ISE) and the integral absolute error (IAE). These two statistical parameters are commonly used in control
systems to evaluate and compare the performance of closed-loop systems.

According to the values of the evaluation parameters shown in Table 2, the PI controller showed the
least satisfactory behavior compared to the other controllers, with high values for IAE (0.410) and ISE (2.340).
In contrast, the DPSTSM controller showed superior performance, displaying lower values for the statistical
parameters (IAE: 0.367 and ISE: 0.798). However, the proposed SNA DPSTSM controller showed the most
promising results compared with the other controllers, with an IAE of 0.021 and an ISE of 0.177. The use of
an SNA controller showed exceptional ability to minimize error over time.
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(a)

(b)

(c)

Figure 4. Simulation results of the PI, DPSTSM, and SNA DPSTSM controllers: (a) rotor speed,
(b) electromagnetic torque, and (c) stator flux
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Variations of the controller parameters: (a) k1, (b) k2, (c) k3, (d) k4, (e) k5, and
(f) the objective function J
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Figure 6. Rotor speed response for a speed variation from 0 rad/s to 157 rad/s

Table 2. Evaluation of ISE end IAE parameters
Parameter PI DPSTSM SNA-DPSTSM

ISE 0.410 0.367 0.021
IAE 2.340 0.798 0.177

These results highlight the improvements brought by the integration of the single-neuron adaptive
algorithm into the DPSTSM controller in terms of self-adjustment of the controller, reduced chattering, im-
proved dynamic response, and robustness to variations in system parameters. This guarantees more efficient
and reliable control, even under variable operating conditions, making it an ideal solution for applications re-
quiring high precision and increased robustness, such as motor control in electric vehicles or other demanding
industrial systems.

The findings elucidate the enhancements facilitated by the incorporation of the single-neuron adaptive
algorithm into the DPSTSM controller, particularly regarding the self-adjustment of controller parameters, the
mitigation of chattering, the enhancement of dynamic response, and the resilience to fluctuations in system
parameters. This ensures a more efficacious and dependable control mechanism, even in the face of variable
operational conditions, thereby rendering it an optimal solution for applications necessitating high precision and
augmented robustness, such as motor control within electric vehicles or other high-demand industrial systems.

5. CONCLUSION
This paper introduces an enhancement of the DPSTSM algorithm through the incorporation of a

single-neuron adaptive algorithm, specifically designed to address the issue of optimal controller gain ad-
justment. Simulation results showed that the single-neuron adaptive controller facilitates dynamic and optimal
adjustment of control parameters under different operating conditions. The proposed SNA DPSTSM controller
has exhibited superior performance compared to both the DPSTSM and PI controllers by delivering prompt and
precise responses to setpoint and load variations, significantly mitigating the chattering phenomenon, reducing
torque and flux ripples and enhancing resilience against disturbances and fluctuations in operational conditions.
Furthermore, the inherent simplicity of the single-neuron algorithm promotes the practical deployment of the
controller, while concurrently diminishing the computational complexity in relation to conventional multi-layer
neural networks. These advancements render the SNA DPSTSM controller exceptionally well-suited for ap-
plications necessitating high levels of precision and robustness, such as motor control in electric vehicles and
in rigorous industrial environments.
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