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Multi-phase machine drives are gaining attention in the fields of electrical machines and control due to their benefits. However, 

the application of these motors is challenging due to the inefficiency of conventional control techniques in multiphase systems. 

This paper presents an enhanced direct torque control (DTC) method for a five-phase permanent magnet synchronous motor 

(PMSM). The problems of variable switching frequency and limitations of the proportional integral (PI) controller have been 

overcome by integrating a fractional-order super-twisting sliding mode algorithm (FOSTSMA) with a modified space vector 

modulation (MSVM) technique. This MSVM approach determines minimum and maximum voltage values to achieve superior 

performance. The proposed DTC-MSVM-FOSTSMA strategy significantly outperforms traditional DTC by offering better 

robustness and an improved dynamic response. Simulation results in MATLAB confirmed the proposed DTC-MSVM-

FOSTSMA strategy's efficacy in enhancing motor performance. Compared to conventional DTC and DTC-MSVM-PI methods, 

this approach yielded substantial improvements: an 83.33% and 78.57% reduction in response time, a 61.84% and 32.55% 

decrease in torque ripple, and a 58.64% and 34.52% minimization of stator flux ripples, respectively. Additionally, the proposed 

control exhibits robust performance under parameter variations. 

Keywords: direct torque control, fractional-order control, five-phase PMSM, super-twisting algorithm, SVM approach 

 

1 Introduction 

Multi-phase machine (MPM) drive systems are now 

being integrated into more applications. As a result, 

these systems must be able to handle a variety of 

operating conditions, especially in applications that 

require high reliability and robustness against internal 

and external disturbances. The benefits of MPM systems 

over traditional three-phase designs are significant, 

encompassing improved performance and robustness, 

less per-phase current, lower torque fluctuations,  

a greater power output capacity, and a steadier speed 

response [1-3]. MPMs are becoming increasingly 

popular in applications that require high reliability, such 

as pump drives, robotics, energy conversion systems, 

electric vehicles, and marine propulsion [4, 5]. 

The permanent magnet synchronous motor (PMSM) 

is increasingly favored in high-performance applications 

due to its superior power density, efficiency, and torque 

capabilities [6, 7]. Among the various control techniques 

developed for PMSM drives, field-oriented control 

(FOC) and direct torque control (DTC) are prominent 

[8, 9]. DTC is often regarded as more suitable for 

PMSMs than FOC because of its faster torque dynamics. 

Despite this advantage, conventional DTC is plagued by 

issues like high torque, flux, and current ripples, variable 

switching frequency, and poor performance at low 

speeds [10]. Consequently, numerous strategies have 

been introduced to address these limitations [11, 12]. In 

[13], the authors developed a sensorless DTC approach 

for a five-phase PMSM using a 7-level hysteresis torque 

controller. A model-based predictive control approach 

was integrated into the DTC framework in [14], 

targeting loss reduction and improved reliability for  

a five-phase PMSM drive system. To combat variable 

switching frequency, DTC based space vector modu-

lation (SVM) was proposed to enforce constant 

switching frequency [13, 14]. Elsewhere, multilevel 

inverters were integrated to improve control quality [15], 

though this escalated switching losses. A separate 

avenue of research utilized intelligent optimization 

techniques like genetic algorithms (GA) and particle 

swarm optimization (PSO) to auto-tune proportional-

integral (PI) gains, which improved transient perfor-

mance but failed to substantially curb steady-state ripple 

[16, 17]. In response to these limitations, recent studies 

are increasingly pioneering data-driven and artificial 

intelligence (AI) based methods, such as artificial neural 

networks (ANN) and fuzzy inference systems, to 

intelligently augment DTC performance [18, 19]. In 

[20], the authors introduced a cascaded ANN to enhance 

the model predictive DTC for a PMSM inverter. This 
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intelligent framework allows for the real-time adjust-

ment of weighting factors in response to operational 

changes, thereby refining their optimization. Experi-

mental validation confirmed that this method boosts the 

inverter's overall performance. 

A systematic classification of the diverse control 

schemes employed in PMSMs is illustrated in Fig. 1. 

This flowchart offers a structural classification of 

PMSM control strategies, organizing them into the 

primary groups of classical, linear, nonlinear, and 

advanced intelligent techniques. 

 

 

Fig. 1. Flowchart classifying different control strategies for PMSM 

 

Sliding mode control (SMC) has become an 

increasingly popular control strategy because it is simple 

to implement, robust against external disturbances, and 

largely insensitive to variations in system parameters 

[21]. However, the chattering phenomenon, a recog-

nized shortcoming of traditional SMC, has been widely 

investigated by researchers [21, 22]. It generates 

oscillations in torque and current, which in turn result in 

detrimental mechanical vibration. 

To mitigate the chattering phenomenon associated 

with conventional SMC, higher-order SMC (HOSMC) 

offers a viable solution. As an advanced variant of SMC, 

HOSMC introduces the discontinuous control action to 

the higher derivatives of the sliding variable instead of 

applying it directly to the sliding surface, thereby 

significantly reducing chattering. Second-order SMC 

(SOSMC) algorithms are widely adopted in practical 

applications as effective substitutes for traditional SMC 

[23]. In [24], a SOSMC strategy was implemented to 

enhance the control performance of a 5-phase induction 

motor via a robust nonlinear control law, which effecti-

vely compensates for system uncertainties without sacri-

ficing structural simplicity. 

The conventional SVM technique offers advantages 

like lower current total harmonic distortion (THD) and 

an 80% increase in output voltage over PWM. However, 

its deployment is challenging due to complex control 

schemes based on sector and angle computation [25]. In 

[26], the authors presented details a simplified SVM 

method effective for three-phase inverter control. This 

technique establishes switching actions by calculating 

the min and max values of the three-phase voltages. 

The application of fractional-order calculus offers 

significant advantages for improving system character-

ristics and overcoming inherent flaws in conventional 

control methods. This strategy is regarded as a robust 

mathematical solution for controlling electrical systems 

due to its efficiency and simplicity as a nonlinear 

approach, which proves especially valuable in main-

taining performance during machine failures [27]. In 

[28], the fractional-order SMC (FOSMC) strategy serves 

as a viable alternative for achieving enhanced regulatory 

performance in complex or turbulent systems. This 

approach provides greater flexibility via its incorpo-

ration of additional tuning parameters. Consequently, it 

exhibits superior disturbance rejection, resulting in 

improved adaptability, stability, and overall control 

efficacy, particularly under demanding operational 

conditions. 

This research utilizes a novel framework that 

formulates its control law by synergistically combining 

the principles of fractional-order calculus with a super-

twisting sliding mode algorithm (FOSTSMA). The 

proposed approach is designed to develop advanced 

controllers that supersede conventional PI regulators in 

the flux, torque, and speed control loops of a DTC 

architecture of five-phase PMSMs. This methodology 

combines a robust nonlinear FOSTSMA with a modified 

 Control Strategies for 

PMSMs 

Modern Nonlinear 

Control 

Intelligent 

Control 
Classical Linear 

Control 

Advanced 

Optimization Control 

 

Field-Oriented 

Control (FOC) 

Direct Torque 

Control (DTC) 

Sliding Mode 

Control (SMC) 

Model Predictive 

Control (MPC) 

Backstepping 

Control (BC) 

Fuzzy Logic 

Control (FLC) 

Neuro-Fuzzy 

Systems 

Adaptive Control 

(MRAC) 

Robust Control (e.g. 

H-infinity (H∞) 

Hybrid Control (e.g. 

Fuzzy-SMC) 

Artificial Neural 

Network (ANN) 



548     Fayçal Mehedi et al.: Advanced control of five-phase PMSM using combined fractional-order super-twisting algorithm … 

space vector modulation (MSVM) technique. The 

MSVM technique, which determines the minimum and 

maximum values of the five-phase voltages, enhances 

overall performance. A key advantage of the integrated 

FOSTSMA-DTC-MSVM strategy is its enhancement of 

system stability and smoother control performance. This 

is achieved by mitigating chattering phenomena through 

the application of fractional-order calculus and higher-

order sliding modes. Furthermore, a primary benefit of 

this approach over traditional methods is its ability to 

concurrently deliver robust performance, achieve rapid 

settling times, and minimize overshoot. 

This paper is organized in the following manner: The 

DTC modeling of the five-phase PMSM is presented in 

Section 2. Section 3 outlines the suggested five-phase 

MSVM technique. The novel control scheme, which 

combines a FOSTSMA-DTC and MSVM technique, is 

introduced in Section 4. Section 5 provides simulation 

results under various operating conditions, including 

reference tracking, disturbance rejection, and parameter 

variation scenarios. This section also features a compa-

rative analysis of the conventional DTC, the DTC-

MSVM-PI method, and the proposed DTC-MSVM-

FOSTSMA approach. A summary of the conclusions 

drawn from this work is provided in Section 6. 

 

2 Mathematical modelling 

2.1 The five-phase PMSM model 

The stator voltage of a five-phase PMSM can be 

expressed in the d-q and x-y subspace by the following 

equation [29]: 

{
 
 
 

 
 
 𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +

𝑑

𝑑𝑡
(𝐿𝑑𝑖𝑑𝑠 + 𝜑𝑓) − 𝜔𝑟𝐿𝑞𝑖𝑞𝑠

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 +
𝑑

𝑑𝑡
𝐿𝑞𝑖𝑞𝑠 +𝜔𝑟(𝐿𝑑𝑖𝑑𝑠 + 𝜑𝑓)

𝑣𝑥𝑠 = 𝑅𝑠𝑖𝑥𝑠 +
𝑑

𝑑𝑡
𝐿𝑙𝑠𝑖𝑥𝑠

𝑣𝑦𝑠 = 𝑅𝑠𝑖𝑦𝑠 +
𝑑

𝑑𝑡
𝐿𝑙𝑠𝑖𝑦𝑠

  (1) 

where vds, vqs, vxs, vys, ids, iqs, ixs, iys are the components of 

stator voltages, currents in d-q, x-y subspaces, respect-

tively, Ld, Lq are the stator inductances in the d-q 

subspaces, ϕf is magnetic flux, r is the rotation speed, 

Lls is the leakage inductances, Rs is the stator resistance. 

The electromagnetic torque Te is 

𝑇𝑒 =
5

2
𝑝 ((𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑠𝑖𝑞𝑠 + 𝜑𝑓𝑖𝑞𝑠)               (2) 

The mechanical dynamics of the motor is expressed 

as 

𝐽𝑚
𝑑𝜔𝑟
𝑑𝑡

= 𝑝𝑇𝑒 − 𝑝𝑇𝑙 − 𝑓𝑚𝜔𝑟                             (3) 

where, Tl is the load torque, fm is the viscous damping,  

P is the number of pole pairs, Jm is the inertia.  

 

2.2 DTC approach of five-phase PMSM 

The basic principle of DTC technique enables 

independent control of the stator flux and electro-

magnetic torque. This allows for a rapid and precise 

torque response in the stationary (α, β) subspace. An 

appropriate voltage vector is chosen from a switching 

table, a critical step as the selected switching state 

directly influences variations in the motor's torque and 

flux. Consequently, the optimal state is selected to 

maintain the torque and stator flux magnitudes within 

predefined hysteresis bands. DTC controls the opening 

and closing of the voltage source inverter switches by 

directly determining the control sequence that is applied 

to these switches [30]. The switching table for con-

ventional DTC technique is presented in Tab. 1. 

Expressed in terms of current i and flux stator , the 

electromagnetic torque of the five-phase PMSM is given 

by the following equation: 

𝑇𝑒 =
5

2
𝑝(𝛷𝛼𝑖𝛽 −𝛷𝛽𝑖𝛼)                                       (4) 

Errors in the torque and flux dictate which switching 

states the inverter employs: 

{
𝛥𝛷𝑠 = 𝛷𝑠

∗ −𝛷𝑠
𝛥𝑇𝑒 = 𝑇𝑒

∗ − 𝑇𝑒
                                                  (5) 

where  

Te
* is the reference torque, 

Φs
* is the reference flux. 

Employing the Concordia transformation, the ampli-

tude of the flux is given by: 

𝛷𝑠 = √𝛷𝛼
2 +𝛷𝛽

2                                                (6) 

The angle θs between Φα and Φβ is calculated as: 

𝜃𝑠 = tan
−1(𝛷𝛽 𝛷𝛼⁄ )                                            (7) 

 

Table 1. DTC switching table 

Flux sector 
1 2 3 4 5 6 7 8 9 10 

Flux Torque 

ΔΦs=0 

ΔTe=1 V14 V6 V7 V3 V19 V17 V25 V24 V28 V12 

ΔTe=–1 V7 V3 V19 V17 V25 V24 V28 V12 V14 V6 

ΔTe=0 V31 V0 V31 V0 V31 V0 V31 V0 V31 V0 

ΔΦs=1 

ΔTe=1 V24 V28 V12 V14 V6 V7 V3 V19 V17 V25 

ΔTe=–1 V17 V25 V24 V28 V12 V14 V6 V7 V3 V19 

ΔTe=0 V0 V31 V0 V31 V0 V31 V0 V31 V0 V31 

 



Journal of Electrical Engineering, Vol.75, No. 6, 2025                                                                  549 

The standard DTC scheme for a five-phase PMSM is 

presented in the block diagram of Fig. 2. 

 

 

Fig. 2. Designed DTC technique of five-phase PMSM 

 

3 Five-phase SVM technique 

Conventional SVM techniques employ space vectors 

to overcome the mathematical complexity of deriving 

the angle and sector directly from the reference voltage. 

Instead, this calculation is simplified by first applying 

the Clarke transformation to the 3-phase voltages and 

then processing them in the stationary (α, β) subspace 

[31].  

This paper introduces a streamlined modified SVM 

strategy for five-phase voltages. The approach de-

termines suitable switching states by analyzing the 

extreme values (minimum and maximum) of the five 

phase voltages (Va, Vb, Vc, Vd, and Ve). This modified 

SVM technique was chosen for its straightforward 

implementation and operational simplicity. Additio-

nally, it is anticipated to achieve enhanced system per-

formance compared to both standard Pulse Width 

Modulation (PWM) and traditional SVM methods. The 

core principle of the five-phase modified SVM applied 

to a two-level inverter is depicted schematically in  

Fig. 3. This modified five-phase SVM method follows  

a four-step process: identifying the minimum input 

voltage (Va - Ve), finding the maximum input voltage, 

adding these two values together, and ultimately syn-

thesizing the output pulses for switches Sa through Se. 

 

Fig. 3. Five-phase MSVM technique 

 

4 FOSTSMA-DTC strategy based MSVM 

The HOSMC approach was developed to reduce or 

eliminate the chattering phenomenon inherent in con-

ventional SMCs, while preserving their essential 

robustness in the face of system uncertainties. Among its 

variants, the second-order form (exemplified by the 

Super-Twisting Algorithm (STA) controller) is particu-

larly favored in nonlinear control applications due to its 

straightforward implementation and strong robustness 

[32, 33]. This algorithm differs from other SMC ap-

proaches by implementing a second-order continuous 

sliding mode control. Its key innovation is that it requires 

only knowledge of the sliding surface S, without needing 

to determine the sign of (Ṡ). STA's combination of 

durability, ease of implementation, simplicity, and tun-

able response has driven its adoption in areas like control 

systems, electronics, and renewable energy [34, 35].  

The STA control law given in (8) combines two 

elements: a component u1 defined through its time 

derivative and a component u2 expressed as a function of 

the sliding surface variance S. 

𝑢𝑆𝑇(𝑡) = 𝑢1(𝑡) + 𝑢2(𝑡)                                       (8) 

{
𝑢1 = 𝜁|𝑆|

𝛾sign(𝑆)
𝑢̇2 = 𝜂.sign(𝑆)

                                              (9) 

Here, e represents the error, and η and ζ are positive 

coefficients. The value of γ is set to 0.5. 

Rather than just replacing the conventional STA, the 

Fractional-Order STA (FOSTA) is a more powerful and 

flexible extension. By incorporating fractional calculus, 

it gains a memory effect and additional parameters that 

allow it to achieve faster convergence, higher tracking 

precision, and improved robustness. This method also 

significantly reduces chattering. Despite its greater 

computational and analytical demands, FOSTA's 

enhanced performance makes it a compelling choice for 

high-performance systems that exceed the capabilities of 

the traditional STA. 
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This controller merges the STA with fractional 

calculus, preserving the STA's characteristic simplicity 

and ease of use. Unlike the STA implementations 

proposed in [36], this new FOSTA design is an enhanced 

variant developed to achieve greater robustness and 

durability. 

The mathematical formulation for the developed 

FOSTA technique is defined by the following equation: 

{
𝑢 = [𝜁|𝑆|𝛾sign(𝑆) + 𝑢1]

 𝜍

𝑢̇1 = 𝜂.sign(𝑆)
                             (10) 

where ς ≠ 1. 

 

Figure 4 illustrates the structural design employed for 

the FOSTA controller's implementation. 

 

 

 

Fig. 4. The FOSTA controller  

 

Conventional DTC schemes for multiphase PMSMs 

operate using hysteresis comparators and switching 

tables, while other implementations leverage SVM 

techniques with PI regulators. However, both strategies 

increase torque ripple, thereby diminishing system 

robustness [37-39]. 

This work develops a fractional-order super-twisting 

sliding mode algorithm (FOSTSMA) controller to 

enhance the performance and efficiency of DTC of five-

phase PMSM. 

The following is the selection of the sliding surfaces 

based on (3) and (4): 

{

𝑆(𝑤𝑟) = 𝜔𝑟
∗ −𝜔𝑟

𝑆(𝑇𝑒𝑚) = 𝑇𝑒
∗ − 𝑇𝑒

𝑆(𝛷𝑠) = 𝛷𝑠
∗ −𝛷𝑠

                                          (11) 

Based on fractional-order super-twisting sliding 

mode theory, the control laws for regulating stator flux, 

speed, and electromagnetic torque can be formulated 

using the switching surfaces as their inputs. 

{𝑖𝑞𝑠
∗ = [𝜁1|𝑆(𝜔𝑟)|

𝛾sign(𝑆(𝜔𝑟)) + 𝑖𝑞𝑠]
 𝜍

𝑖𝑞̇𝑠 = 𝜂1.sign(𝑆(𝜔𝑟))
     (12) 

 

 

 

{
𝑣𝑞𝑠

∗ = [𝜁2|𝑆(𝑇𝑒)|
𝛾sign(𝑆(𝑇𝑒)) + 𝑣𝑞𝑠]

 𝜍

𝑣̇𝑞𝑠 = 𝜂2.sign(𝑆(𝑇𝑒))
      (13) 

{
𝑣𝑑𝑠

∗ = [𝜁3|𝑆(𝛷𝑠)|
𝛾sign(𝑆(Φ𝑠)) + 𝑣𝑑𝑠]

 𝜍

𝑣̇𝑑𝑠 = 𝜂3.sign(𝑆(Φ𝑠))
   (14) 

 

To ensure the sliding manifolds converge to zero in 

finite time, the gains may be chosen according to the 

following criteria [36]:  

{
𝜂𝑗 >

𝜆𝑗

𝜂𝑚𝑗
,  𝜁𝑗

2 ≥
4𝜆𝑗

𝜂2𝑚𝑗

𝜂𝑀𝑗(𝜂𝑗 + 𝜆𝑗)

𝜂𝑚𝑗(𝜂𝑗 − 𝜆𝑗)

0 < 𝛾 ≤ 0.5;  𝑗=1, 2, 3.

       (15) 

 

The developed FOSTSMA controllers are imple-

mented within the DTC scheme, which utilizes MSVM 

for the five-phase PMSM, as shown in Fig. 5. 

 

 

Fig. 5. Global scheme of the DTC-MSVM approach 

using FOSTSMA controllers for the five-phase 

PMSM 

 

5 Simulation and analysis 

To confirm the validity and performance of the 

suggested approach, simulations were conducted in 

MATLAB environment. The results of this new 

approach were then compared to those from two other 

methods: a conventional DTC (DTC-C) and a DTC with 

MSVM using a PI controller (DTC-MSVM-PI). The 

five-phase PMSM parameters listed in Tab. 2 [14]. The 

effectiveness of the proposed technique will be 

evaluated through a series of performance tracking and 

robustness tests, and its results will be compared with 

those from alternative methods. Numerical and 

graphical analysis will be used to demonstrate the 

designed approach's superior capability in enhancing 

system properties. 
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Table 2. Parameters of the five-phase PMSM 

Parameters Value 

Nominal power Pn 1.5 kW 

Stator resistance RS 0.67 Ω 

Number of pairs poles P 2 

Leakage stator inductance Ll  0.00093 H 

Direct stator inductance Ld  0.0085 H 

Quadrature stator inductance Lq  0.0085 H 

Moment of inertia Jm 0.004 kg/m2 

Frequency  50 Hz 

Magnetic flux ϕf 0.2 Wb 

DC bus voltage V𝑑𝑐 400 V 

 

5.1 Reference tracking and disturbance rejection 

This test evaluates how the proposed DTC-MSVM-

FOSTSMA strategy performs of a five-phase PMSM by 

tracking various speed references under the influence of 

Tl variation. The simulations aim to demonstrate the 

control's effectiveness under different operating con-

ditions. To assess the five-phase PMSM performance, 

the motor's was initially operated at a constant speed of 

75 rad/s with no load. The speed was then increased in a 

series of ramps: first to 100 rad/s at 0.2 s, then to 125 

rad/s at 0.4 s. A nominal Tl=10 Nm was applied from 

0.6 s to 0.8 s, after which the speed command was 

reversed to –25 rad/s at 1 s. 

Figure 6 illustrates the rotational speed of the five-

phase PMSM using three different control techniques: 

DTC-C, DTC-MSVM-PI, and the proposed technique 

DTC-MSVM-FOSTSMA. While all three methods 

allow the motor's mechanical speed to closely follow its 

reference, the response time of the suggested method is 

notably quicker than that of the DTC-C and DTC-

MSVM-PI techniques. When the proposed technique 

was used, the five-phase PMSM achieved a speed 

response time of just 0.015 s. This represents a signi-

ficant improvement of 78.57% over the DTC-MSVM-PI 

technique and an even greater improvement of 83.33% 

compared to the DTC-C technique. Additionally, with 

the implementation of the DTC-MSVM-FOSTSMA 

technique, the five-phase PMSM demonstrated a su-

perior ability to manage speed disturbances, achieving  

a low rejection rate of approximately 1.6% (see Tab. 5). 

This marks a considerable gain in performance when 

compared to the 11.2% rejection rate observed with the 

DTC-C technique and the 5.6% rate associated with the 

DTC-MSVM-PI technique. 

 

 

Figure 7 displays the torque Te simulation results. 

The proposed technique limits torque ripple in the five-

phase PMSM to 2.9 Nm. This marks a substantial 

improvement over conventional DTC (7.6 Nm ripple) 

and the DTC-MSVM-PI approach (4.3 Nm ripple), 

achieving ripple reductions of approximately 61.84% 

and 32.55%, respectively (see Tab. 5).  

Figure 8 illustrates the stator flux for the five-phase 

PMSM across three different control strategies. In all 

cases, the flux maintains a constant value that closely 

matches the reference, even with system variations. As 

presented in Tab. 5, the DTC-MSVM-FOSTSMA stra-

tegy significantly reduces ripples by 0.0055 Wb, 

outperforming both the DTC-C Method (0.0133 Wb) 

and DTC-MSVM-PI techniques (0.0084 Wb). 

The presence of torque and flux ripples using the 

proposed technique, despite their low ripples compared 

to other methods, is due to the chattering phenomenon 

known in sliding mode algorithm implementations. The 

observed undulations are a form of residual chattering. 

Although their amplitude is generally smaller and their 

frequency higher, but they are still present due to the 

reason finite switching frequency and discrete 

implementation. 

 

 

 

Fig. 6. Rotation speed 
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Fig. 7. Electromagnetic torque 

 

 

 

Fig. 8. Stator flux 

 

The parameter values for the PI and FOSTSMA con-

trollers employed in this study are listed in Tables 3 and 4. 

 

Table 3. PI controller parameters 

Controller Coefficient Value 

Speed KP 

Ki 

520 

12 

Stator flux KP 

Ki 

200 

0.1 

Torque KP 

Ki 

170 

0.5 

 

Table 4. FOSTSMA controller parameters 

Controller Coefficient Value 

Speed ς  
ζ 

η 

1.05 

0.5 

30 

Stator flux ς  
ζ 

η 

1.2 

0.003 

12 

Torque ς  
ζ 

η 

0.95 

0.01 

15 

 

 

Table 5. Comparative analysis of the different 

techniques 

 DTC-

MSVM-

FOSTSMA 

DTC-

MSVM-

PI 

DTC-C 

r response time (s) 0.015 s 0.07 s 0.09 s 

Flux ripples (Wb)  0.3972-

0.4027 

0.3956-

0.4040 

0.3932-

0.4065 

Torque ripples 

(N.m) 

8.6-11.5 7.9-12.2 6.2-

13.8 

r dropping due to 

Tl application (rad/s)  

123 

 

118 

 

111 

 

 

 

5.2 Parameters variation tests 

5.2.1 Stator resistance variations 

The goal of this scenario is to evaluate the control 

system's robustness when faced with a sudden change in 

stator resistance. Specifically, the resistance is doubled 

(200%) at t=0.7 s, as depicted in Fig. 9. The motor's 

performance is tested under a constant nominal load of 

10 Nm, applied between 0.6 s and 0.8 s. 

 

 

Fig. 9. Profile of the Rs deviation 
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During this test, the five-phase PMSM started with 

no load and a constant speed of 75 rad/s. The motor's 

speed was then increased in two separate steps. It was 

ramped up to 100 rad/s at the t = 0.2 s, followed by a second 

increase to 125 rad/s at t = 0.4 s. As shown in Fig. 10, all 

three techniques enabled the motor to follow its target 

speed. However, the proposed method was the only one 

that maintained accurate speed tracking when the 

resistance increased. Both the traditional and second 

methods showed a clear degradation in performance under 

the same conditions. 

Figure 11 shows the behavior of the motor torque. At 

t=0.7 s, which corresponds to an increase in stator 

resistance, the torque oscillation and dynamics change 

depending on the use of each technique. When compared 

to other methods, the proposed DTC-MSVM-

FOSTSMA technique led to a notable reduction in 

torque oscillations for the five-phase PMSM. The 

technique limited the torque ripple to a mere 3.1 Nm,  

a substantial enhancement over the 10.2 Nm ripple of the 

DTC-C technique and the 5.2 Nm of the DTC-MSVM-

PI method. 

Figure 12 illustrates the evolution of the stator flux. The 

proposed DTC-MSVM-FOSTSMA method significantly 

reduces flux oscillations in the five-phase PMSM. It holds 

the flux ripple to just 0.0061 Wb, which is a major 

improvement over the 0.0182 Wb ripple from the DTC-C 

technique and the 0.0101 Wb from the DTC-MSVM-PI 

method. 

 

 

 

Fig. 10. Rotation speed 

 

 

 

 

Fig. 11. Electromagnetic torque 

 

 

 

Fig. 12. Stator flux 

 

5.2.2 Moment of inertia variation 

The second robustness test evaluates the robustness 

of the proposed approach by increasing the moment of 

inertia Jm by 100%. The DTC-C and DTC-MSVM-PI 

method performance is more susceptible to variations in 

inertia parameters compared to the proposed DTC-

MSVM-FOSTSMA technique for the five-phase 

PMSM, as depicted in Fig. 13. Additionally, unlike the 

smooth performance of the proposed technique for the 

five-phase PMSM, which tracks the reference speed 

without overshoot, the DTC-C and DTC-MSVM-PI 

method causes the speed to overshoot both at startup and 

during the reversal to 25 rad/s (at t=1 s). 
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As shown in Figs. 14 and 15, changes in inertia 

directly affect the torque and flux responses of a five-

phase PMSM during speed changes. The proposed 

control scheme demonstrates superior performance, as it 

is less sensitive to these inertial effects compared to the 

DTC-C and DTC-MSVM-PI techniques. 

 

 

 

Fig. 13. Rotation speed 

 

 

 

Fig. 14. Electromagnetic torque 

 

 

Fig. 15. Stator flux 

 

6 Conclusion 

This study introduces a nonlinear dynamic control 

strategy for five-phase PMSM. The approach merges  

a FOSTSMA with a MSVM approach, all under the 

framework of DTC technique. The suggested control 

technique was tested and evaluated in a MATLAB 

environment. The performance of this new approach was 

then directly compared to a conventional DTC and  

a DTC-MSVM-PI technique to demonstrate its effecti-

veness. The efficacy of the proposed method was 

assessed using several key performance metrics: refe-

rence tracking accuracy, response time, system 

robustness, and the minimization of fluctuations in both 

flux and torque. 

The simulation results validated that the suggested 

method improves the operational efficiency of the five-

phase PMSM across various conditions. Notably, it 

significantly boosted the motor's dynamic speed 

response. It achieved a reduction of 78.57% and 83.33% 

when compared to the DTC-MSVM-PI and DTC-C 

method, respectively. The suggested technique sub-

stantially lessened motor torque ripple and flux ripple. 

When compared to the DTC-C method, the five-phase 

PMSM showed a reduction in torque ripple of 

approximately 61.84% and a reduction in flux ripple of 

about 58.64%. Furthermore, when measured against the 

DTC-MSVM-PI approach, the torque ripple was 

reduced by 32.55% and the flux ripple by 34.52%. In 

addition, the proposed method is more robust than 

traditional DTC approaches, as it maintains strong 

performance despite changes in five-phase PMSM 

parameters and load disturbances. 

Future research will propose extending the control 

strategy to include advanced controls using artificial 

intelligence algorithms to eliminate chattering and 

ensure fault-tolerant operation. Furthermore, experi-

mental verification will be conducted to confirm the 

results obtained through simulation. 
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