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Abstract

In this paper, a novel adaptive hybrid control structure for field-oriented control (FOC) of six-phase induction motor (SPIM) drives 

is proposed. The controller effectively integrates backstepping (BS) control for the outer loops with a novel adaptive higher-order 

sliding mode (NAHOSM) controller for the inner current loop. This control strategy also proposes load disturbance estimator using 

a predictive model to estimate the component required for the BS_NAHOSM control strategy to help identify and proactively eliminate 

disturbances. The proposed approach demonstrates robust and stable performance under parameter uncertainties and load 

disturbances, while significantly reducing the chattering phenomenon. Simulation results obtained using MATLAB/Simulink confirm 

the effectiveness and superiority of the proposed control strategy.
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1 Introduction
The six-phase induction motor (SPIM) has emerged as 
a  prominent solution among multiphase Alternating 
Current (AC) drive systems due to its enhanced reliabil-
ity, fault tolerance, and operational stability. Over recent 
decades, SPIM technology has garnered significant 
research interest and has been widely adopted in high-ca-
pacity industrial applications requiring robust and depend-
able performance [1]. Owing to these advantages, SPIM is 
increasingly replacing traditional three-phase induction 
motors (IM), even in small power applications where high 
precision, safety, and reliability are crucial.

In recent years, control strategies for AC and SPIM 
drives have evolved toward advanced vector control 
techniques, among which field-oriented control (FOC) 
remains one of the most widely implemented methods [2]. 
Despite its benefits, FOC performance is highly sensitive 
to variations in motor parameters and external load dis-
turbances. Conventional Proportional Integral Derivative 
(PID) controllers with fixed parameters are often inade-
quate for high-performance drive systems  [3]. To over-
come these limitations, various nonlinear and intelligent 
control methods have been introduced [4–16], including 

sliding mode (SM) control, backstepping (BS), fuzzy 
logic, neural networks, model predictive control, and 
other control methods.

However, relying solely on a single control method 
has proven insufficient in ensuring optimal performance, 
especially for nonlinear systems. This challenge has led 
to growing interest in hybrid control strategies that com-
bine the strengths of multiple control approaches [17–23]. 
For  example, the hybrid BS–SM control structure pro-
posed in Pham [20] effectively aligns with the design 
requirements of FOC-based SPIM systems. In this struc-
ture, SM is employed for the inner current loop due to its 
robustness, fast dynamic response, and precise reference 
tracking. Nevertheless, a major drawback of SM is the 
chattering phenomenon, which can degrade system per-
formance and damage actuators.

Various techniques have been developed to miti-
gate chattering, such as introducing exponential or sig-
moid functions, but these often compromise system sta-
bility and slow down convergence. The integral sliding 
mode  (INTSM) method improves steady-state accuracy 
and disturbance rejection but may suffer from integral 
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saturation and large overshoots, with limited impact on 
chattering reduction. Other advanced approaches, includ-
ing higher-order sliding mode (HOSM), second-order 
sliding mode (SOSM), and the super-twisting algorithm 
(STA), have also been proposed. Comparative studies 
show that STA offers faster convergence and improved 
tracking performance compared to SOSM, albeit at the 
cost of increased chattering, while SOSM provides better 
robustness with reduced chattering levels [24].

Building on this foundation, the present study pro-
poses an enhancement of the BS–SM hybrid structure 
in Pham [20] by incorporating the STA into an improved 
high-order sliding mode framework (NAHOSM) for the 
inner current loop. The main objective of the NAHOSM 
strategy is the incorporation of an adaptive gain mecha-
nism within the HOSM controller, reflecting its self-tun-
ing capability. This mechanism employs a real-time gain 
adaptation law that allows the controller to autonomously 
determine the appropriate control gain based on current 
system conditions, without requiring prior knowledge of 
the bounds of uncertainties or disturbances. Such adapt-
ability greatly simplifies the design process and enhances 
the controller's practical applicability. By continuously 
adjusting the gain to match varying operating conditions 
and IM parameter fluctuations, the control effort is opti-
mized, resulting in a substantial reduction in both the 
amplitude and switching frequency of the control signals. 
This, in turn, significantly mitigates the chattering effect 
– a common drawback in conventional sliding mode con-
trollers – while maintaining system stability and ensuring 
fast convergence. Overall, the adaptive NAHOSM strat-
egy enables the control system to respond more effec-
tively to dynamic uncertainties and disturbances, leading 
to more precise speed regulation and improved robustness 
under real-world operating conditions.

New points in this study:
•	 The development of a novel adaptive hybrid current 

control strategy, termed novel adaptive higher-order 
sliding mode (NAHOSM), which enhances the per-
formance of high-order sliding mode control in the 
inner current loop for FOC of SPIM drive systems.

•	 The integration of a predictive torque estimation 
mechanism into the BS_NAHOSM control structure. 
This mechanism utilizes a forward Euler discretiza-
tion-based predictive model to estimate the electro-
magnetic torque quickly and accurately. As a result, 
it enables the controller to proactively identify and 

reject disturbances, while effectively minimizing 
oscillations in the estimated torque signal.

The remainder of the paper is presented as follows. 
Section 2 presents the mathematical model of the SPIM 
drives, the proposed controller design is presented in detail 
in Section 3. Simulation results are presented in Section 4. 
Section 5 concludes the results.

2 The vector control model of SPIM drives
This drive system consists of a SPIM supplied by a six-
phase voltage source inverter (SPVSI). The diagram of 
SPIM powered by SPVSI is shown in Fig. 1. In Section 2, 
the vector space decomposition (VSD) technique has also 
been applied as in Finch and Giaouris [2], the original 
six-dimensional space of SPIM is converted into three 
two-dimensional spaces in the stationary frame of ref-
erence (D–Q), (x–y) and (zl–z2 ). This transformation is 
obtained using a 6 × 6 transformation matrix [1]:
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Fig. 1 A general scheme of an SPIM drive
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SPIM's mathematical equations are written in a station-
ary reference frame as follows (Eq. (2)):
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where: [V], [I], [R], [L] and [Lm ] are voltage, current, resis-
tant, self and mutual inductance matrices, respectively. 
P is differential operator, r and s related to the resistance 
of rotor and stator, respectively. Since the rotor is squirrel 
cage, [Vr ] is equal to zero.

The electromechanical conversion only takes in the 
(D–Q) subspace, (x–y) and (zl–z2 ) subspace just produce 
losses. Therefore, the control is based on determining the 
applied voltage in the D–Q reference frame. So SPIM con-
trol now is similar to the classical ACIM FOC. The volt-
age space vectors and switching states in the (D–Q) and 
(x–y) subspaces for a SPVSI are shown in Fig. 2. The con-
trol for the motor in the stationary reference frame is dif-
ficult, even for a three phase IM, so the transformation 
of SPIM model in a dq rotating reference frame to obtain 
currents with direct current (DC) components is neces-
sary, a transformation matrix must be used to represent 
the stationary reference fame (D–Q) in the dynamic ref-
erence (D–Q). This matrix is given:
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where δr is the rotor angular position referred to the stator 
that shows in Fig. 1.

The FOC is the most used strategy in the industrial 
field. In this control method, the rotor flux is controlled by 
isd stator current component and the torque by isq quadratic 
component. We have: ψrq = 0; ψrd = ψrd. The model motor 

dynamics is described by the following space vector dif-
ferential equations:
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The new expression of the electromagnetic torque and 
the slip frequency are given by:
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3 BS_NAHOSM control structure for FOC control of 
SPIM drives
3.1 BS design for the outer speed and flux loops
The enhanced BS controller adopted in this study is based 
on the structure proposed in Pham [20], with modifications 
to improve its robustness against parameter variations and 
external load disturbances. To achieve this, an integral 
term of the tracking error is incorporated into the design 
of the rotor flux and speed controllers. Furthermore, the 
controller leverages an online update of the rotor resis-
tance to enhance adaptability. The stability and conver-
gence of the control subsystems are rigorously verified 
through Lyapunov stability theory [2]. At each design 
stage, virtual control inputs are systematically introduced 
to guide the subsystem states toward their desired refer-
ences, ensuring reliable and consistent performance.

The rotor flux and speed tracking errors is defined:
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Fig. 2 Voltage space vectors and switching states in the (D–Q) and 
(x–y) subspaces for a SPVSI
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The error dynamical equations:
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Lyapunov function is chosen:
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where: kt = 3/2 np × δσLs/J, kω, kψ are positive design con-
stants that determine the closed-loop dynamics.
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To V' < 0, the stabilizing virtual controls are chosen as:
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TL in Eq. (13) is estimated in Section 3. 2.
I obtain:
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dt
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isd and isq virtual control vectors in Eq. (13) are chosen 
to satisfy the control objectives and these virtual compo-
nents also provide as the reference inputs for the next step 
of the NAHOSM design.

3.2 Electromagnetic torque observer
Section 3.2 proposes an electromagnetic torque observer 
to estimate the component required for the BS_NAHOSM 
control strategy. This observer utilizes a predictive model, 
a concept previously detailed in Wang et al. [19]. The adop-
tion of this predictive approach aims to achieve fast and 

accurate torque estimation while significantly reducing 
oscillations in the estimated torque signal. To implement 
the predictive algorithm within this observer, forward 
Euler discretization is employed for the system model:
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where Ts is the sampling time of the system.
The dynamic equations of the stator flux and the stator 

current of an Induction Motor (IM) in the stationary refer-
ence frame [23] are written as:
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where:
•	  vs = vsα + vsβ represents the stator voltage;
•	  is = isα + jisβ is the stator current;
•	  φs = φsα + jφsβ denotes the stator flux.

Note that subscripts α and β depict the stationary refer-
ence frame components.

The predictions of the stator flux and the stator cur-
rent are obtained by using the forward Euler discretization 
method as follows:
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By using the forward Euler discretization method, the 
electromagnetic torque is obtained as:
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where p is the number of pole pairs.

3.3 Designing NAHOSM controller for the inner 
current loop control
NAHOSM controller for the inner current loop control in 
FOC vector control of SPIM drive. Stator current error is 
defined:
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The nonlinear slip surface according to the current 
components is chosen as follows:
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where: λ1 > 0, λ2 > 0.
We select the Lyapunov function:
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Differentiate both sides of Eq. (16) we get:
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To differentiate V < 0, The current error differential 
function is chosen as follows:
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where: v tisd � �  and v tisq � �  are NAHOSM control functions 
and defined:
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with: k1 > 0; k2 > 0.
From Eqs. (4), (23), (24) and (25) we get usd and usq vir-

tual control functions:
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4 Simulink and discussion
The performance of the proposed BS_NAHOSM hybrid 
controller for FOC of SPIM drives is validated through 
MATLAB/Simulink [25] simulations. Three case Tests 
were carried out including dynamic speed reversal under 
load disturbance, robustness to load disturbance, and 
robustness against electrical parameter variation at low and 
high speeds. All tests are compared with the BS_SOSM,  
BS_INTSM, PI controllers and compared with other latest 
methods [3, 5, 17, 20, 21] to confirm quantify the effective-
ness of the proposed control structure. The block diagram 
of the SPIM drive system is shown in Fig. 3. The SPIM 
used in the simulation is a 1 HP, 6-phase machine with 
the following specifications: 220  V, 50 Hz, 4 pole, 
1480 rpm, Rs = 10.1 W, Rr = 9.8546 W, Ls = 0.833457 H, 
Lr  =  0.830811  H, Lm  =  0.783106  H, J = 0.0088 kg  m2. 
Rs, Rr is nominal value of rotor and stator resistance.

4.1 Case 1
To verify the dynamic performance of BS_NAHOSM, 
a survey of the start up and reversing modes is performed. 
The reference speed changes from 0 to +150 rad/s at 

Fig. 3 Diagram of BS_NAHOSM vector control for SPIM drives
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t = 0.25 s then reversing to −150 rad/s at t = 1 s and reduc-
ing to 0 at t = 2 s. A rated step load torque is applied at 
t = 0.7 s and rejected at t = 1.7 s to assess disturbance rejec-
tion under dynamic conditions. This survey is also carried 
out with the PI, BS_INTSM, BS_SOSM [20] controller to 
get comparison data.

Observing the obtained results shows that all three 
controllers achieved satisfactory reference track-
ing during the speed reversal. However, the proposed  
BS_NAHOSM controller exhibited significantly superior 
performance. The startup times and the reversal times for  
BS_NAHOSM, BS_SOSM, BS_INTSM and PI were 
0.078  s, 0.103 s, 0.1033 s and 0.125 s and were 0.099  s,  
0.129  s, 0.147  s, 0.85  s respectively, 0.12 s, 0.18 s, and 
0.25 s. These results in Table 1 confirm the faster dynamic 
response of BS_NAHOSM. Moreover, the torque 
waveform of BS_NAHOSM exhibited no chattering  
and negligible ripple, in contrast to BS_SOSM and  
BS_INTSM, which showed noticeable torque oscillations 
during reversal Fig. 4 (c) and (d).

These results highlight the superior ability of  
BS_NAHOSM to provide faster and more accurate tran-
sient response, smoother dynamic behavior, enhanced sta-
bility, and strong disturbance rejection. Collectively, these 
advantages clearly demonstrate improved robustness and 
control precision of the proposed strategy compared to PI, 
conventional SOSM, and INTSM approaches.

When compared with the fuzzy-based FSOSMC con-
troller presented in Finch and Giaouris [2], the ST-SMC 
Twelve-Sector DTC method in Zahraoui et al. [17], and the 
HOSTA controller in Karboua et al. [5], it is evident that 
these controllers also demonstrate good speed reversal per-
formance. However, the significant torque ripple, flux oscil-
lations, and chattering phenomena have been recorded.

In contrast, the proposed BS_NAHOSM controller de- 
livers faster transient response, tighter reference tracking, 
and  remarkably smoother torque behavior, minimal rip-
ple and effectively eliminates chattering, confirming the 
advanced performance of HOSM-based strategies.

4.2 Case 2
In this case, the SPIM drive operates at high constant 
speed (155 rad/s) and the load torque changes (rated load 
torque is applied and rejected at t = 0.7 s and 1.7 s). Fig. 5 
shows that BS_NSTA-SOSM is robust, stable against load 
disturbance variations. Compared to BS_SOSM [20],  
BS_INTSM and PI the phenomenon of torque and speed 
oscillations are significantly reduced, and the chatter-
ing phenomenon of BS_NSTA-SOSM is almost elimi-
nated. The response speed is faster and more sustainable, 
SS error is almost zero Fig. 5 (a).

Compared with the HOSTA controller in Karboua 
et  al.  [5] and FSTASMC controller proposed in Farid 
et  al.  [21], it is evident that although HOSTA and 
FSOSMC controllers can manage load disturbances, the  
BS_NSTA-SOSM controller exhibits superior perfor-
mance. It  achieves faster convergence to the reference 
speed, lower speed drop when subjected to sudden load 
disturbances. In contrast, the FSOSMC controller expe-
riences a noticeable speed drop and fails to accurately 
recover to the reference speed, as shown in Farid et al. [21] 
and in Karboua et al. [5]. Moreover, Farid et al. [21] reports 
significant torque and flux oscillations, while Karboua 
et  al. [5] does not provide electromagnetic torque anal-
ysis. In contrast, the BS_NSTA-SOSM controller main-
tains stable speed, torque, and rotor flux responses with-
out oscillations. Additionally, it effectively eliminates the 
chattering phenomenon, demonstrating its robustness and 
control precision under challenging operating conditions.

4.3 Case 3
To more clearly prove the robustness of the BS_NSTA-
SOSM controller against load disturbances and the impact 
of machine parameter changes, another survey was also per-
formed under load disturbance conditions, machine param-
eters Rs, Rr have been changed in the high and low speed 
range. Two test cases have been carried up under the same 
conditions at low speed (25 rad/s) and high speed (100 rad/s). 
Initially, the stator Rs and rotor Rr resistances are at 

Table 1 Control quality parameters in test 1

BS_NAHOSM BS_SOSM BS_INTSM PI

Start-up times (s) 0.071 0.103 0.1033 0.125

Stable times (s) 0.003 0.0005 0.0055 0.035

Reversal times (s) 0.099 0.129 0.147 0.85

Drop speed (rad/s)) 1.09 −1.5 −1.55 −4.8

Recovery time (s) 0.008 0.02 0.026 0.059
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their nominal value. At t = 1.0  s, they increase by 25% 
R R R Rr r s s� �� �1 25 1 25. , . ,

* *  at t  =  1.5  s, they are 
increase of 100% R R R Rr r s s� �� �2 2

* *
, .  Finally, 

at  t  = 2  s, both resistances return to their nominal value 
R R R Rr r s s� �� �* *

, ,  as illustrated in Fig. 6  (f). In addi-
tion to parameter variation, a step load disturbance from 0 to 
100% of the rated torque was applied at t = 0.2 s and main-
tained for the remainder of the simulation process. The effects 
of these disturbances on system performance are shown in 
Fig. 6 (c) for low speed and Fig. 7 (c) for high speed. These 
same test conditions across two speed ranges provide a con-
sistent basis for evaluating the controller's resilience under 
combined electrical and mechanical disturbance.

As shown in Figs. 6 and 7, the PI controller is highly 
sensitive to both parameter variations and external load 
disturbances. It fails to maintain the reference speed is 
25  rad/s at low speed (Fig. 6  (a)) and 100 rad/s at high 

speed (Fig. 7(a)) – when a step load torque is applied at 
t = 0.25 s. In particular, when motor parameters are var-
ied, significant speed oscillations and high torque ripple 
are observed in Fig. 6 (a) to (c) and Fig. 7(a) and to (c). 
The BS_INTSM controller performs better than PI, main-
taining the speed closer to the reference under parameter 
changes and load application at t = 0.25 s, especially when 
Rs and Rr increase by 25% and 100% at low speed, and by 
25% at high speed.

However, at t = 1.5 s, when Rs and Rr increase to 200% 
of nominal at high speed, the BS_INTSM controller expe-
riences a speed drop of 0.171 rad/s (1.71%) with a recovery 
time of 0.55 s. The rotor flux also drops by 0.18 Wb (0.18%), 
recovering in 0.02 s when motor parameter returns to nor-
mal values at t = 2 s. Moreover, zoomed views of the speed 
and torque responses reveal pronounced ripples under both 
low-speed (Fig. 6 (b) and (c)) and high-speed (Fig. 7  (b) 
and  (c)) conditions. These fluctuations can negatively 
impact the mechanical system and degrade drive efficiency.

In contrast, the proposed BS_NAHOSM controller 
demonstrates the best overall performance. It offers supe-
rior robustness and precision, with minimal speed devi-
ation, and exhibits smooth and stable torque and flux 
responses. The high-order sliding mode design helps 
effectively eliminates chattering.

A comparison of the results in Fig. 6 (a) to (c) with those in 
Kiyyour et al. [3] confirms that, even under more severe test 
conditions, the BS_NSTA-SOSM controller achieves better 

Fig. 4 Case in SPIM drives work in reversal conditions, load 
disturbance of PI, BS_INTSM, BS_SOSM and BS_NAHOSM 

controllers: (a) Speed responses; (b) Zoomed-in speed responses; 
(c) Torque responses; (d) Zoomed-in torque responses

(a)

(b)

(c)

(d)

Fig. 5 Response of speed under load torque disturbance of the PI,  
BS_INTSM, BS_SOSM and BS_NAHOSM controllers: (a) Speed 
responses and zoomed-in speed responses; (b) Torque responses

(a)

(b)
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Fig. 6 Response of speed, torque, flux when parameters Rs, Rr change (low speed): (a) Speed responses; (b) Zoomed-in speed responses; 
(c) Torque responses; (d) Rotor flux magnitude responses; (e) Stator current responses; (f) Variation of stator and rotor resistances

Fig. 7 Response of speed, torque, flux when parameters Rs, Rr change (high speed): (a) Speed responses; (b) Zoomed-in speed responses; 
(c) Torque responses; (d) Rotor flux magnitude responses
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speed and torque responses than the PSO-based controller. 
In Kiyyour et al. [3], the torque oscillations was recorded.

5 Conclusion
This paper proposed an improved BS_NSTA-SOSM 
hybrid control structure for FOC of SPIM drives. The con-
troller effectively integrates BS control for the outer loops 
and a NAHOSM for the inner current loop. The simula-
tion tests were conducted under various operating condi-
tions to assess the robustness and dynamic performance 
of the proposed method. The results demonstrate that the 
BS_NSTA-SOSM controller significantly outperforms 

conventional PI, BS_INTSM, and other recently pub-
lished control strategies [3, 5, 17, 20, 21]. It provides 
faster transient response, superior steady-state accuracy, 
and enhanced robustness against external disturbances 
and parameter variations. Notably, the proposed control-
ler effectively suppresses the chattering phenomenon, 
which is a common issue in sliding mode-based strategies. 
The BS_NSTA-SOSM proposed control structure offers 
a  promising solution for high-performance SPIM drive 
systems, ensuring enhanced control quality, system stabil-
ity, and operational reliability under real-world conditions.
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