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 In today’s fast-moving industrial sectors which include paper, textile, and 

plastic manufacture the core of production quality is in the precise 

coordination of multi-drive systems. While PI controllers are the mainstay of 

the industry, they do have issues in that they struggle with the nonlinearity 

and dynamics of large-scale windings, which in turn causes instability and 

product integrity issues. To that end, this paper presents an optimized fuzzy-

genetic controller (FLC-GA), which we put forward as a better linear speed 

synchronization solution. We used genetic algorithms in the tuning of fuzzy 

logic parameters, which also takes out the very time-consuming task of 

manual calibration, and at the same time sees a great increase in the system’s 

ability to deal with process variability. We put our FLC-GA through its 

paces in a head-to-head comparison with the classic PI and PI-PSO 

controllers. What we found was that our proposed controller did very well; 

we saw zero overshoot, a quick 0.5 s settling time, and the total elimination 

of tension ripples. Also, we saw from a 13.2% change in system inertia that 

the FLC-GA did a 65% better job in terms of speed accuracy and stability 

than what we see from standard PI control. We present the FLC-GA not only 

as a theoretical improvement but as a very robust, high-performance solution 

in the very tough field of continuous industrial synchronization. 
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1. INTRODUCTION 

Electric motors are essential components in paper manufacturing facilities, driving various 

machinery and equipment. Motor performance directly determines the efficiency of industrial operations, 

necessitating the adoption of advanced control technologies [1]. Modern strategies, such as torque and speed 

control, are vital to optimize performance and meet diverse manufacturing requirements [2], while high-

efficiency motor designs further minimize environmental impact and energy consumption [3]. 

In modern paper processing, multiple coordinated drives are indispensable. While traditional 

mechanical line shafts once satisfied propulsion needs, individual electronic drives have become the standard 

practice [4]. Electrical synchronization is a critical factor influencing the quality of manufactured paper rolls, 

leading to the development of numerous control strategies focused on electronic line shaft modeling and 

robust mechanical synchronization [5]. Decentralized PI control remains the dominant approach in industrial 

web transport systems due to its simplicity and widespread acceptance. However, conventional PI controllers 

often exhibit poor performance when subjected to system nonlinearities and continuous parameter variations, 

such as changes in radius and mechanical inertia [6]. 

https://creativecommons.org/licenses/by-sa/4.0/
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To address these limitations, this research proposes a novel fuzzy-genetic controller (FLC-GA) 

specifically engineered for the coupled dynamics of multi-motor web winding systems. Unlike previous 

speed-only studies, this work integrates nonlinear web tension dynamics into the control architecture, 

achieving superior linear speed synchronization while maintaining stable mechanical tension and robustness 

against parameter drifts. Recent reviews on multi-motor synchronous control underscore the persistent 

challenges and the industrial importance of this field [7]. 

The proposed FLC-GA outperforms traditional controllers by processing imprecise inputs beyond 

conventional logic capabilities, making it ideal for complex industrial environments. Genetic algorithms 

(GA) ensure continuous parameter optimization [8], building upon foundational work in optimized fuzzy-PI 

controllers [9]-[12], power system stability applications [13]-[15], and adaptive neuro-fuzzy tension control 

[16]. Furthermore, the efficacy of similar hybrid approaches has been demonstrated in diverse fields such as 

mobile robot navigation [17], wind turbine control [18], and robust control synthesis [19]. 

Simulation results demonstrate that the FLC-GA outperforms both conventional PI and optimized 

PI-PSO benchmarks, establishing optimal linear control performance. The remainder of this paper is 

organized as follows: i) Section 2 presents the mathematical models of the multi-motor system; ii) Section 3 

details the FLC-GA design and optimization methodology; iii) Section 4 analyzes simulation results and 

robustness; and iv) Section 5 concludes the work. 

 

 

2. SYSTEM MODELING AND METHOD 

2.1.  Configuration of the multi-motor system 

In this study, we look at a very complex and non-linear multi-motor web winding architecture. We 

have a system that includes an unwind motor (M1), a power take-off unit, which we are terming the traction 

unit (M2), and a final wind-up motor (M3). Also, we report that we see to be in agreement with what was 

found in [18]-[20] that the traction stage has a dual function: it acts as a mechanical buffer between the 

tension areas and also controls the overall web speed. Additionally, we include in Figure 1 detailed diagram 

of this full system setup. 

 

 

 
 

Figure 1. Schematic diagram of a three-motor web transport system 

 

 

2.2.  Electrical dynamics of induction motors 

In our design (Figure 2), we use voltage source inverters, which in turn use pulse width modulation 

for the three motors. As to the electrical behavior of each induction motor in the synchronous d-q reference 

frame, we have the following differential equations, as (1)-(6). 

 

 
𝑑𝑖𝑑𝑠

𝑑𝑡
=

1

𝜎⋅𝐿𝑠
(− (𝑅𝑠 + (

𝐿𝑚𝑟

𝐿𝑟
) ⋅ 𝑅𝑟) ⋅ 𝑖𝑑𝑠 + 𝜎𝐿𝑠𝜔𝑒 +

𝐿𝑚⋅𝑅𝑟

𝐿𝑟
2 ⋅ 𝜑𝑑𝑟 +

𝐿𝑚

𝐿𝑟
⋅ 𝜑𝑞𝑟 ⋅ 𝜔𝑟 + 𝑉𝑑𝑠)

 (1) 

 
 𝑑𝑖𝑞𝑠

𝑑𝑡
=

1

𝜎⋅𝐿𝑠
(−𝜎𝐿𝑠𝜔𝑒𝑖𝑑𝑠 − (𝑅𝑠 + (

𝐿𝑚

𝐿𝑟
)

2

⋅ 𝑅𝑟) ⋅ 𝑖𝑞𝑠  −
𝐿𝑚

𝐿𝑟
⋅ 𝜑𝑑𝑟 ⋅ 𝜔𝑟 +

𝐿𝑚⋅𝑅𝑟

𝐿𝑟
2 ⋅ 𝜑𝑞𝑟 + 𝑉𝑞𝑠)  

 (2) 

 
𝑑𝜑𝑑𝑟

𝑑𝑡
=

𝐿𝑚⋅𝑅𝑟

𝐿𝑟
⋅ 𝑖𝑑𝑠 −

𝑅𝑟

𝐿𝑟
⋅ 𝜑𝑑𝑟 + (𝜔𝑒 − 𝜔𝑟) ⋅ 𝜑𝑑𝑟  (3) 
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𝑑𝜑𝑞𝑟

𝑑𝑡
=

𝐿𝑚⋅𝑅𝑟

𝐿𝑟
⋅ 𝑖𝑞𝑠 − (𝜔𝑒 − 𝜔𝑟) ⋅ 𝜑𝑑𝑟 −

𝑅𝑟

𝐿𝑟
⋅ 𝜑𝑞𝑟  (4) 

 
𝑑𝜔𝑟

𝑑𝑡
=

𝑃2⋅𝐿𝑚𝑝

𝐿𝑟⋅𝐽
⋅ (𝑖𝑞𝑞𝑟 ⋅ 𝜑𝑑𝑟 − 𝑖𝑑𝑠 ⋅ 𝜑𝑞𝑟) −

𝑓𝑐

𝐽
⋅ 𝜔𝑟 −

𝑃

𝐽
⋅ 𝑇𝑟  (5) 

 

In what we present here the leakage coefficient, as (6). 
 

𝜎 = 1 −
𝐿𝑚  

2

𝐿𝑠 𝐿𝑟
 (6) 

 

Also, we put in place saturation limits for the control voltages (Vds, Vqs), which in turn are related to the DC 

bus voltage constraints [21]. 
 

 

 
 

Figure 2. The system's electrical part 
 
 

2.3.  Mechanical dynamics and web tension 

In the area of mechanical dynamics, we model web tension based on three primary physical laws: 

that of Coulomb for friction, Hooke’s for elasticity, and that of mass conservation. 

 

2.3.1. Coulomb’s law (friction model) 

We present a friction model for the web and roller interaction. As seen in Figure 3, the tension 

varies in the sliding zone (arc g) but is constant in the adhesion zone (arc a). We also present the tension 

variation across the contact arc, which goes as (7). 

 

𝜀(𝑥, 𝑡) = 𝜀1(𝑡) if 𝑥 ≤ 𝑎  (7) 

 

𝜀(𝑥, 𝑡) = 𝜀1(𝑡)𝑒𝜇(𝑥−𝑎) if 𝑎 ≤ 𝑥 ≤ 𝑎 + 𝑔 (8) 

 

𝜀(𝑥, 𝑡) = 𝜀2(𝑡) if 𝑎 + 𝑔 ≤ 𝑥 ≤ 𝐿𝑡 (9) 

 

Where 𝐿𝑡 = 𝑎 + 𝑔 + 𝐿 is the total length. 

 

2.3.2. Hooke’s law (elasticity) 

For an elastic web, the tension (T) is directly proportional to the strain (ϵ). This relationship is 

defined by (10). 

 

𝑇 = 𝐸𝑆𝜀 = 𝐸𝑆
𝐿−𝐿0

𝐿0
  (10) 

 

Where (E) is Young's modulus, (S) is cross-sectional area, (L) is length under stress, and (L0) is the original 

(nominal) length. 
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2.3.3. Mass conservation law 

Assuming the web has a uniform cross-section (S) and density (ρ), the conservation of mass applies 

between the unstressed state (ρ₀, L₀) and the stressed state (ρ, L). The mass remains constant during the 

transition from the unstressed to the stressed condition. Therefore, the relationship can be expressed as shown 

in (11). 

 
𝜌

𝜌0
=

1

1+𝜀
 (11) 

 

 

 
 

Figure 3. Web tension on the roll 
 
 

2.4.  Nonlinear tension model 

By combining the continuity equation for web flow with the elasticity and mass conservation laws, 

the dynamics of tension Tk between two consecutive rolls (k−1 and k) can be derived. The derivative of strain 

is given by (12). 
 

−𝐿
𝑑𝜀2

𝑑𝑡
= 𝑉1

(1+𝜀2)2

1+𝜀1
− 𝑉2(1 + ε2)  (12) 

 

In (12), Hooke’s law is substituted into which in turn produces the nonlinear tension dynamic equation [22]. 
 

𝐿𝑘−1
𝑑𝑇𝑘

𝑑𝑡
≅ 𝐸𝑆(𝑉𝑘 − 𝑉𝑘−1) − 𝑇𝑘(2𝑉𝑘−1 − 𝑉𝑘) +  𝑇𝑘−1𝑉𝑘−1  (13) 

 

2.5.  State-space representation 

The full nonlinear state-space model of the multi- motor system is created by combining the 

mechanical and electrical equations as (14) and (15) [20]. 
 

𝐸𝑚𝑋̇ = 𝐴(𝑡)𝑋 + 𝐵𝑈 (14) 
 

𝑌 = 𝐶(𝑡)𝑋 (15) 
 

The state vector X includes the tensions, angular velocities, and currents [23]. 
 

𝑋 = [𝑇2, 𝑇3, 𝛺1, 𝛺2, 𝛺3]𝑇 (16) 
 

This comprehensive model captures the coupling between speed and tension, which the proposed fuzzy-

genetic controller aims to decouple and control. 
 

2.6.  Pentad FLC-GA simulation framework 

The proposed pentad-intelligent architecture (Figure 4) comprises five GA-optimized fuzzy logic 

controllers: i) 3 Motor speed controllers: M1 (unwinder), M2 (traction), M3 (winder); and ii) 2 Tension 

regulators: T2 and T3 zones. Simulation setup & parameters: i) duration: 5 seconds, ii) reference speed: 5 

m/s, iii) solver: fixed-step, 1 µs sample time, and iv) robustness test: 13.2% inertia variation simulating roll 

diameter transitions. Figure 4 description: Complete model integrates GA-optimized FLCs as outer loops 

with motor drives (M1-M3) and tension feedback loops (T2, T3). Real-time compensation for nonlinearities 

is achieved through comprehensive scope monitoring of speed tracking, tension regulation, and control effort. 
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Figure 4. MATLAB/Simulink implementation of pentad FLC-GA control architecture for nonlinear web-

winding dynamics 

 

 

3. METHOD: FUZZY GENETIC SYSTEM DESIGN 

We present a new control that uses a combination of a fuzzy logic controller and a genetic 

algorithm, which we are terming “fuzzy genetic”. This approach, which is described in detail in section 2, 

improves the controller’s ability to adapt to the system’s non-linear elements. 

 

3.1.  General structure 

In recent years, we have seen that many applications have put to use the synergy between fuzzy 

logic and genetic algorithms, which in large part is in the design and optimization of control systems. We 

refer to these as “fuzzy genetic systems”. This approach has proven very effective in a wide range of 

applications, from MPPT algorithms in power electronics [22] to power system stability [13], [14]. Also, we 

present in Figure 5 the general structure for the integration of these two methods. The genetic algorithm in 

this case plays a role in tuning the fuzzy logic controller’s parameters, which in turn improves its 

performance and ability to adapt to change. What we see is that this combination is better at dealing with 

uncertainty and imprecision, which in turn makes the system a very good fit for real-world complex 

applications, like in industrial automation, robotics, and automotive systems [16]. In particular, see Figure 6, 

which presents in detail the block schematic of the control system for each motor. In it, you will see how the 

fuzzy genetic controller is integrated into the inner speed loop. 

 

 

 
 

Figure 5. General fuzzy genetic system architecture 
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Figure 6. Block schematic for every motor with FLC-GA (fuzzy genetic) control 

 

 

3.2.  Fuzzy logic controller (FLC) 

Fuzzy instruction sets out as a main advantage over which we use traditional control commands in 

that they do not require a precise mathematical model of the system. Which in turn means the user does not 

have to model complex equations to perfection. What we see instead is the use of a rule set that is mostly 

based on the expertise of a very familiar operator of the system. These rules, in turn, allow the system to 

make adaptive choices which account for a range of variables and conditions [22]. 

In our research, we applied FLC, which uses PI control principles in place of the conventional PI 

controller. We designed the FLC with the help of the MATLAB fuzzy logic toolbox. To get the best 

performance out of the controller, we developed a set of 25 rules, which is very in-depth. This rule set is 

presented in Table 1. Also, we see the FLC’s success in areas like MPPT algorithms in power electronics as 

reported in [24]. 

Instead, fuzzy instructions employ a set of rules that are mostly decided by the expertise of a skilled 

operator who is well versed in the workings of the system, and these guidelines allow the system to make 

more adaptable choices that take into account shifting circumstances [25]. The structure of a typical fuzzy 

control system, comprising the fuzzification interface, inference system, and defuzzification interface, is 

shown in Figure 7. 

This article uses a fuzzy logic controller (FLC) that applies PI control principles to replace the 

traditional PI controller. The FLC was created using MATLAB's fuzzy logic toolbox, which allows for 

developing more adaptive and effective control systems. A comprehensive set of 25 rules has been designed to 

ensure that the controller functions at its peak. This rule set is detailed in Table 1. 
 
 

Table 1. The fuzzy controller's rule set 
𝛥𝑒/𝑒 NB NS Z PS PB 
NB NB NB NS NS Z 
NS NB NS NS Z PS 
Z NB NS Z PS PB 
PS NS Z PS PS PB 
PB Z PS PS PB PB 

 
 

 
 

Figure 7. A fuzzy control system's structure 
 

 

3.3.  Genetic algorithms 

Genetic algorithms operate on a population of unique people who may all be answers to the issue at 

hand. The evaluation of each person comes first, enabling the determination of how pertinent the answers are 
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to the issue at hand. These result in the rejection of the weakest people in favor of the most effective ones, or 

the deletion of solutions judged to be ineffective or extremely poor. The iterative cycle of selection, 

recombination, and mutation in a genetic algorithm is depicted in Figure 8. 

Combining the genes of the chosen solutions results in a new population that ought to be more 

problem-suited than the one that came before it. After that, the latest population undergoes hybridization-

induced reproduction and mutations. Supporting the most competent components makes subsequent 

generations more equipped to handle the issue. Until a good answer is found, this procedure is repeated. 
 
 

 
 

Figure 8. A genetic algorithm's cycle 
 
 

3.4.  Genetic algorithm optimization 

In the case of genetic algorithms (GAs) they work with a population of unique individuals, which 

we call chromosomes, each of which is a possible solution to the issue at hand. We evaluate each of these 

individuals to determine how relevant they are to the problem. From this, we eliminate the less effective 

solutions in favor of the best. The process goes around in a cycle of selection, recombination, and mutation as 

shown in Figure 7. 

In each cycle, we combine the genes of what we have identified as the best solutions, which in turn 

produces a better population than what we started with. This new population then goes through hybridization 

and mutation. We are, in fact, supporting the best elements that see us improve each generation’s performance 

as they take on the issue at hand. We repeat this process until we arrive at a very good solution. The structure 

of the FLC optimization technique by GA is illustrated in Figure  9. 

The optimization of a controller based on fuzzy logic (FLC) using genetic algorithms (GA) can be 

outlined in the following steps: 

− Initial population generation: Create an initial population of potential solutions, forming the first 

generation. 

− Evaluation: i) For each chromosome in the population, input it into the controller for fuzzy logic; ii) 

Implement the (FLC). Within the system being controlled, and iii) Assess the system's performance by 

calculating an indicator of performance related to its knowledge base. 

− Iterative process: While the termination conditions of the GA have not been satisfied: i) Apply evaluation 

operators, including crossover, mutation, and selection, to the existing individuals to create a new 

population; ii). Re-evaluate the new generation’s chromosomes. 

− Completion: Once the termination requirements are satisfied, stop the procedure. 

− Objective function: All of these requirements must be included in the objective function (fitness) that the 

Genetic Algorithm (GA) must reduce in order to achieve the required dynamic performance, which 

includes zero static error and minimal reaction and settling times. For us to do this, we suggest making 

the quadratic error's integral the goal function . 

− Sensitivity and convergence analysis: In our study, we determined the best set of GA parameters via a 

sensitivity analysis. We did a series of preliminary optimization runs, which showed that a population size 

of 100 worked well – it presented a good trade-off between genetic diversity and computer time. Also, we 

saw that a high crossover probability of 0.8 did very well in terms of encouraging genetic exchange. At 

the same time, we used low mutation at 0.001, which, while maintaining diversity, didn’t disrupt good 

solutions. 

Figure 10 presents the GA convergence, which reports the best fitness score over the 200-generation 

mark. We see a trend of very quick improvement in the first 20 generations, which is also when the optimal 

area is identified. Then we see a stable convergence phase, which by the 50th iteration has reached near 

optimal performance, and by the end of the 200 generations has attained very robust results, which in turn 

proves out the tuning process’s effectiveness. Also, it is well reported in literature [12], [17] of the GA’s 

performance in tuning controllers, which include fractional order and PID controllers. 
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Figure 9. Structure of the FLC optimization technique by GA (FLC-GA) 
 

 

 
 

Figure 10. Convergence behavior of the genetic algorithm 
 

 

4. RESULTS AND DISCUSSION OF SIMULATIONS 

In our study, we designed and simulated the full system in MATLAB/Simulink for a 5-second 

duration. We ran the simulations, which started at a linear web speed of 5 m/s. In this, we had the M1 motor, 

which took care of the unwind function (with initial roll radius R1), the M2 motor, which took care of tape 

pinching and robust holding, and the M3 motor, which handled the wind back in (with radius R3). What we 

set out to do was to prove out the controller’s performance in terms of speed tracking, robustness to 

parameter variations, and energy efficiency to present quantities analysis of the improvement. 

 

4.1.  Speed tracking performance 
To provide a rigorous and high-level comparison, we introduced a second optimized controller: the 

PI controller tuned by particle swarm optimization (PI-PSO). This intelligent approach optimizes the KP, KI, 

and KD parameters for the five system controllers to achieve the minimum ITAE performance index, 

representing the best achievable performance from an optimized linear control structure. In Figures 11 to 13 

we see the linear speed response of the proposed fuzzy-genetic controller (in blue), the PI-PSO controller (in 

red), as well as that of the traditional PI controller (in green dashed). In each case, the performance difference 

is very apparent. 
 

 

  
 

Figure 11. The linear speed of motor M1 

 

Figure 12. The linear speed of motor M2 
 

 

In our simulations, we present a large improvement in linear speed synchronization. It is clear that 

although PI controller-based classical control is easy to put into practice, both the fuzzy genetic controller 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

5

10

15

20

25

Time [sec]

V
1

 [
m

/s
e

c
]

 

 

2.8 2.9 3
19.9

19.95

20

 

 

REF PI FLG-GA PSO

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

5

10

15

20

25

Time [sec]

V
2

 [
m

/s
e

c
]

 

 

2.8 2.9 3
19.9

19.95

20

 

 

REF PI FLG-GA PSO



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 17, No. 2, June 2026: 908-919 

916 

and the PI-PSO approach outperform it in terms of managing overshoot and reducing tracking error. This 

strong performance of hybrid fuzzy-genetic controllers over classical methods is in agreement with what is 

reported in other research studies [8], [10]. 

We observe that the fuzzy genetic controller aligns with the reference speed in as little as 0.5 

seconds with no overshoot. At the same time, the PI controller does not do as well, which we see in its slower 

response and the overshoot it demonstrates, causing it to take much more time to come to rest. Thus, we note 

a large difference in terms of responsiveness and tracking accuracy. Significantly, the PI-PSO performance is 

close to FLC-GA in terms of speed tracking, indicating that both methods are effective in synchronizing the 

linear velocity, but the real divergence appears in the tension control, as discussed in section 4.3. 
 

 

 
 

Figure 13. The linear speed of motor M3 
 

 

4.2.  Robustness analysis: parameter variation 

To evaluate the controller’s robustness, the system was subjected to dynamic parameter variations 

during operation. Specifically, fluctuations in the radii of the three rollers (R1, R2, and R3) were introduced. 

These variations represent a significant challenge due to the resulting nonlinear changes in inertia and 

circumference, which are inherent in web handling processes. The simulated variations in the rollers' radii are 

illustrated in Figure 14. 

As observed in Figure 14, the radius of the rewinder increases by 13.2%, leading to a substantial 

nonlinear change in the moment of inertia (J3). The controller's primary success lies in the fact that, despite 

these continuous and coupled nonlinear changes, particularly the inertia variation in M3 and the radius 

reduction in M1, the proposed FLC-GA controller maintains stable performance, confirming its high 

robustness against parameter drift and system uncertainties. 
 
 

  

 
 

Figure 14. Dynamic variations of rollers radii: unwinder R1, traction R2, and rewinder R3 
 

 

4.3.  Efficiency and smoothness analysis 
Beyond tracking accuracy, the mechanical tension response highlights the efficiency of the control 

strategy and is the critical metric for distinguishing between the nonlinear FLC-GA and the optimized linear PI-

PSO. In Figures 15 and 16, we see the tension response. We note that the Classic PI controller (in green), which 

is typical, performs rather poorly at high frequency, exhibiting oscillatory behavior, or as it is sometimes called, 

chattering. This leads to an increase in mechanical stress as well as high actuator duty cycles. 

Crucially, when comparing FLC-GA (in blue) against the optimized PI-PSO (in red), we observe a 

significant divergence in tension control. While PI-PSO improves the initial overshoot, it still exhibits 

noticeable tension ripple and a slower settling time compared to the FLC-GA. The fuzzy genetic controller 

does very well to produce an exceptionally smooth response with near-zero ripple. This smoothness in the 

output means less control effort is required, lower mechanical stress on the motors, and ultimately a higher 

chance for better energy efficiency in multi-motor systems. 
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The inability of the PI-PSO to fully suppress the ripple confirms that the linear control structure is 

fundamentally inadequate for handling the strong, nonlinear coupling and uncertainties inherent in the web 

tension dynamics, even with optimal tuning by a sophisticated algorithm like PSO. In contrast, the flexible, 

rule-based logic of the FLC-GA successfully mitigates these nonlinear effects. From our quantitative 

analysis, the improvements we got in terms of speed, accuracy, and tension stability were by a large factor — 

over 65% better than the PI approach’s performance under the same dynamic load conditions. 
 
 

 
 

Figure 15. The tension between motors M2 and M3 
 

 

 
 

Figure 16. The tension between motors M1 and M2 
 

 

5. CONCLUSION 

This study reports our success in the design and validation of an FLC-GA for a multi-motor winding 

system, which we see as a great improvement over PI control. What we put forth here is a novel use of a 

genetic algorithm in which we had it do the autonomous optimization of a fuzzy logic controller for the very 

complex issue of web tension and speed which are coupled and non-linear – a issue which traditional 

methods have difficulty with. 

To validate the controller's effectiveness against the best alternative, the FLC-GA was also 

compared to an optimized PI controller tuned by PI-PSO. In our simulations we found out that the controller 

performs better – it does the following: i) rapid synchronization: we see settling time of 0.5 seconds with no 

overshoot; ii) robustness: we noted that it performed well even under continuous parameter variation which 

at one point included a 13.2% change in system inertia; iii) efficiency: crucially, the FLC-GA achieved 

superior performance over the PI-PSO benchmark by completely doing away with tension ripple, which in 

turn greatly reduced mechanical stress and actuator effort. 

These studies confirm that the proposed FLC-GA system does indeed improve the stability and 

quality of continuous industrial processes which we see in paper, chemical, and plastics manufacturing. The 

critical finding is that the nonlinear structure of the FLC-GA is necessary to effectively decouple the tension 

and speed dynamics, proving its superior efficacy over even optimally tuned linear approaches like PI-PSO. 

That said, our research’s main issue is that we used simulation for validation. In the future, we will put this 

controller to the test on real-time hardware (digital signal processors or FPGAs) which will validate its 

practical value and we will also look at fault-tolerant control strategies which in turn will better enhance 

industrial reliability. 

 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

x 10
4

0

1

2

3

4

5

6

7

8

9

Times(s)

T
2
(N

)

 

 
PI

REF

PI-PSO

FLC-GA

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

x 10
4

0

1

2

3

4

5

6

7

8

9

Times(s)

T
3
(N

)

 

 

PI

REF

PI-PSO

FLC-GA



                ISSN: 2088-8694 

Int J Pow Elec & Dri Syst, Vol. 17, No. 2, June 2026: 908-919 

918 

ACKNOWLEDGMENTS 

The authors acknowledge the facilities and institutional support provided by the CAOSEE 

Laboratory, University of Tahri Mohamed, Bechar, Algeria, to carry out this research. 
 

 

FUNDING INFORMATION 

The authors state no funding is involved. 
 

 

AUTHOR CONTRIBUTIONS STATEMENT 

This journal uses the Contributor Roles Taxonomy (CRediT) to recognize individual author 

contributions, reduce authorship disputes, and facilitate collaboration. 
 

Name of Author C M So Va Fo I R D O E Vi Su P Fu 

Kaddouri Youssouf ✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓   ✓  

Bouchiba Bousmaha  ✓    ✓  ✓ ✓ ✓ ✓ ✓   

Baba Mohammed ✓  ✓ ✓   ✓   ✓ ✓  ✓ ✓ 
 

C :  Conceptualization 

M :  Methodology 

So :  Software 

Va :  Validation 

Fo :  Formal analysis 

I :  Investigation 

R :  Resources 

D : Data Curation 

O : Writing - Original Draft 

E : Writing - Review & Editing 

Vi :  Visualization 

Su :  Supervision 

P :  Project administration 

Fu :  Funding acquisition 

 
 

 

CONFLICT OF INTEREST STATEMENT 

Authors state no conflict of interest. 
 

 

DATA AVAILABILITY 

We confirm that the data supporting the findings of this study are available within the article and its 

supplementary materials. 
 

 

REFERENCES 
[1] A. Sachdeva, D. Kumar, and P. Kumar, “Planning and optimizing the maintenance of paper production systems in a paper plant,” 

Computers and Industrial Engineering, vol. 55, no. 4, pp. 817–829, 2008, doi: 10.1016/j.cie.2008.03.004. 

[2] Y. Xu, D. Wang, and Q. Zhang, “Modeling and robust control of web winding system with sinusoidal tension disturbance,” 2006 
IEEE International Conference on Mechatronics and Automation, ICMA 2006, vol. 2006, pp. 1958–1963, 2006, doi: 

10.1109/ICMA.2006.257554. 

[3] V. J. Štil, T. Varga, T. Benšić, and M. Barukčić, “A survey of fuzzy algorithms used in multi-motor systems control,” Electronics 
(Switzerland), vol. 9, no. 11, pp. 1–14, 2020, doi: 10.3390/electronics9111788. 

[4] D. Knittel, M. Vedrines, D. Henrion, and P. Pagilla, “Robust h fixed order control strategies for large scale web winding 

systems,” in 2006 IEEE Conference on Computer Aided Control System Design, 2006 IEEE International Conference on Control 
Applications, 2006 IEEE International Symposium on Intelligent Control, IEEE, Oct. 2006, pp. 1964–1970. doi: 

10.1109/CACSD-CCA-ISIC.2006.4776941. 

[5] N. R. Abjadi, J. Soltani, and J. Askari, “Nonlinear sliding-mode control of a multi-motors web winding system without tension 

sensor,” Proceedings of the IEEE International Conference on Industrial Technology, 2008, doi: 10.1109/ICIT.2008.4608510. 

[6] F. Niu, K. Sun, S. Huang, Y. Hu, D. Liang, and Y. Fang, “A review on multimotor synchronous control methods,” IEEE 

Transactions on Transportation Electrification, vol. 9, no. 1, pp. 22–33, 2023, doi: 10.1109/TTE.2022.3168647. 
[7] S. Wang, F. He, and Q. Wang, “Integral separation fuzzy PID control for winding tension system,” Proceedings of the 31st 

Chinese Control and Decision Conference, CCDC 2019, pp. 4083–4088, 2019, doi: 10.1109/CCDC.2019.8832428. 

[8] Q. Nguyen-Vinh and T. Pham-Tran-Bich, “Sliding mode control of induction motor with fuzzy logic observer,” Electrical 
Engineering, vol. 105, no. 5, pp. 2769–2780, 2023, doi: 10.1007/s00202-023-01842-2. 

[9] D. Li, F. Gao, Y. Xue, and C. Lu, “Optimization of decentralized PI/PID controllers based on genetic algorithm,” Asian Journal 

of Control, vol. 9, no. 3, pp. 306–316, 2007, doi: 10.1111/j.1934-6093.2007.tb00416.x. 
[10] N. M. Max, N. Y. J. Maurice, E. Samuel, M. C. Jordan, A. Biboum, and B. Laurent, “DTC with fuzzy logic for multi-machine 

systems: traction applications,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 12, no. 4, pp. 2044–

2058, 2021, doi: 10.11591/ijpeds.v12.i4.pp2044-2058. 
[11] K. B. Meziane, F. Dib, N. Benaya, and I. Boumhidi, “Optimized fuzzy pi controller for variable speed wind turbine using de 

algorithm,” International Journal of Power Electronics and Drive Systems (IJPEDS), vol. 14, no. 3, pp. 1684–1693, 2023, doi: 

10.11591/ijpeds.v14.i3.pp1684-1693. 
[12] K. Eltag, M. S. Aslamx, and R. Ullah, “Dynamic stability enhancement using fuzzy pid control technology for power system,” 

International Journal of Control, Automation and Systems, vol. 17, no. 1, pp. 234–242, 2019, doi: 10.1007/s12555-018-0109-7. 

[13] H. Shayeghi, H. A. Shayanfar, and O. Abedinia, “Fuzzy pss design for a multi-machine power system using improved genetic 
algorithm,” Computer Science and Engineering, vol. 2, no. 1, pp. 1–8, 2012, doi: 10.5923/j.computer.20120201.01. 

[14] D. Knittel, E. Laroche, D. Gigan, and H. Koç, “Tension control for winding systems with two-degrees-of-freedom h ∞ 

controllers,” IEEE Transactions on Industry Applications, vol. 39, no. 1, pp. 113–120, 2003, doi: 10.1109/TIA.2002.807231. 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Fuzzy genetic control for linear speed in multi-machine systems (Kaddouri Youssouf) 

919 

[15] H. Zhang, H. Xia, Y. Lu, J. Wu, X. Zhang, and Y. Wei, “Tension control of a yarn winding system based on the nonlinear active 
disturbance-rejection control algorithm,” Textile Research Journal, vol. 92, no. 23–24, pp. 5049–5065, 2022, doi: 

10.1177/00405175221114658. 

[16] B. Aissa, T. Hamza, G. Yacine, and H. M. Amine, “Impact of artificial intelligence in renewable energy management of hybrid 
systems,” Physical Science Forum, p. 5, 2023, doi: 10.3390/psf2023006005. 

[17] F. Mokhtari, P. Sicard, and N. Léchevin, “Damping injection control of winding systems based on port controlled Hamiltonian 

systems,” IFAC Proceedings Volumes (IFAC-PapersOnline), vol. 12, no. PART 1, pp. 243–248, 2007, doi: 10.3182/20070821-3-
ca-2919.00036. 

[18] F. Mokhtari, P. Sicard, and N. Léchevin, “Stabilizing winding systems by injection damping control based on controlled 

Hamiltonian systems,” Proceedings of IEEE International Electric Machines and Drives Conference, IEMDC 2007, vol. 1,  
pp. 95–100, 2007, doi: 10.1109/IEMDC.2007.383559. 

[19] H. Oussama, H. M. Amine, S. Mohamed Amine, B. Aissa, C. Abdeselem, and A. Othmane, “Intelligent energy management 

strategy for multi-sources isolated DC-microgrid,” 2nd International Conference on Energy Transition and Security, ICETS 2023, 
2023, doi: 10.1109/ICETS60996.2023.10410815. 

[20] M. Dahane, A. Benali, H. Tedjini, A. Benhammou, M. A. Hartani, and H. Rezk, “Optimized double-stage fractional order 

controllers for DFIG-based wind energy systems: a comparative study,” Results in Engineering, vol. 25, 2025, doi: 
10.1016/j.rineng.2025.104584. 

[21] J. S. Lu, M. Y. Cheng, K. H. Su, and M. C. Tsai, “Wire tension control of an automatic motor winding machine—an iterative 

learning sliding mode control approach,” Robotics and Computer-Integrated Manufacturing, vol. 50, pp. 50–62, 2018, doi: 
10.1016/j.rcim.2017.09.003. 

[22] J. I. Corcau and L. Dinca, “Modeling and analysis of a fuzzy type MPPT algorithm,” International Conference on Electical 

Drives and Power Electronics, vol. 2019-September, pp. 230–234, 2019, doi: 10.1109/EDPE.2019.8883925. 
[23] N. I. Giannoccaro and T. Sakamoto, “Implementation and validation of a simple direct identification method for an experimental 

multi-span web transport system,” Systems, vol. 10, no. 1, 2022, doi: 10.3390/systems10010017. 

[24] K. C. Ng and M. M. Trivedi, “A neuro-fuzzy controller for mobile robot navigation and multirobot convoying,” IEEE Transactions 
on Systems, Man, and Cybernetics, Part B: Cybernetics, vol. 28, no. 6, pp. 829–840, 1998, doi: 10.1109/3477.735392. 

[25] A. Guediri, A. Guediri, and S. Touil, “Modeling and comparison of fuzzy-pi and genetic control algorithms for active and reactive 

power flow between the stator (DFIG) and the grid,” Engineering, Technology & Applied Science Research, vol. 12, no. 3,  
pp. 8640–8645, Jun. 2022, doi: 10.48084/etasr.4905. 

 

 

BIOGRAPHIES OF AUTHORS 

 

 

Kaddouri Youssouf     was born in Bechar, Algeria, in 1985. He received his 

Engineering degree in Electronics from the University of Bechar, Algeria, in 2010, and his 

master’s degree in automatic, telecommunications, signal and image processing from Tahri 

Mohamed University of Bechar in 2014. Since 2014, he has been a research member at the 

Laboratory of Control, Analysis, and Optimization of Electro-Energetic Systems (CAOSEE). 

His research interests include power electronics, electric drive control, real-time simulation, 

and artificial intelligence applications in industrial systems. He can be contacted at email: 

kaddouri.youssouf@univ-bechar.dz. 

  

 

Bouchiba Bousmaha     was born in 1977 at Bechar, Algeria. He received the 

electrical engineering diploma from Bechar University, Algeria, in 1999, the master's degree 

from the University of Alexandria, Egypt, in 2006, and the Ph.D. degree from Djillali Liabes 

University of Sidi Bel Abbes in 2011. He is currently a professor of electrical engineering at the 

University of Bechar, Algeria. He can be contacted at email: bouchiba_bousmaha@yahoo.fr. 

  

 

Baba Mohammed     received his B.Sc. from Ahmed Draya University, Adrar, 

Algeria, in 2017, and his M.Sc. in embedded systems from Ferhat Abbas 1 University, Setif, 

Algeria, in 2019, respectively. Currently, he is a Ph.D. student at Smart Grids and Renewable 

Energies Laboratory, Tahri Mohamed, Bechar, Algeria. His research interests include 

quadcopter systems, system modeling and control, and AI control. He can be contacted at 

email: baba.mohammed0195@gmail.com. 

 

https://orcid.org/0009-0000-5513-2826
https://scholar.google.com/citations?hl=fr&user=xH-hmcEAAAAJ
https://www.webofscience.com/wos/author/record/MDT-6505-2025
https://orcid.org/0000-0002-3541-7821
https://scholar.google.com/citations?hl=fr&user=iVeBNKYAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=16432865400
https://www.webofscience.com/wos/author/record/P-9001-2019
https://orcid.org/0000-0002-8644-3253
https://scholar.google.com/citations?view_op=list_works&hl=fr&user=F6MeX-8AAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57544609700
https://www.webofscience.com/wos/author/record/GYU-5739-2022

