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Abstract 

The study presented in this article focuses on photovoltaic solar panels (PV) powering a Dual Open-

End Winding Induction Motor (DOEWIM) fed by four three-phase inverters. Field Oriented Control 

(FOC) is adopted to regulate the stator current, rotor flux and rotation speed of the proposed machine, 

and Maximum Power Point Tracking (MPPT) technique is used to maximize power output from the 

solar panel. In order to achieve high performances in terms of fast dynamic speed response and best 

disturbance rejection, Fuzzy Logic Controller (FLC) is used for speed regulation. The main objective 

of this work is to introduce renewable energies into the drive of induction motors, especially those 

with open windings, in order to obtain several advantages, such as obtaining more robust performance 

towards external and internal disturbances, reduction of torque and flux ripples, minimization of stator 

current harmonics, and elimination of common mode voltage (CMV). The results obtained 

demonstrated the realization of the main advantages mentioned above, which confirms the validity of 

the proposed control on the topology of the induction motor studied.  
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1. Introduction 

Over the past century, global energy consumption has grown irrationally and continues to rise across 

all regions. As energy demand is expected to keep increasing, it is crucial to reassess our resource use 

to achieve truly sustainable and environmentally friendly development [1]. The depletion of fossil fuels 

and the associated greenhouse gas emissions highlight the urgent need to develop alternative energy 

sources. Among these, renewable energy stands out as a viable, eco-friendly substitute for fossil and 

nuclear energy, offering advantages such as being natural, inexhaustible, and well-suited for 

decentralized generation. Photovoltaic (PV) energy is one of the most promising forms of renewable 

energy, converting sunlight into electricity using solar panels composed of interconnected solar cells. 

PV systems have minimal environmental impact—they operate silently, discreetly, and without visual 

pollution [2]. A key feature of most PV systems is the implementation of a technique known as 

Maximum Power Point Tracking (MPPT), which continuously adjusts system parameters to ensure 

the panel operates at its maximum power output. 

In recent years, multi-phase machines have gained significant attention from researchers, 

manufacturers, and industry professionals due to their ability to overcome several limitations 

associated with conventional three-phase machines. By increasing the number of phases, these 

machines distribute power and current more evenly, reducing stress on switches and windings. This 

design also leads to lower torque ripple, improved torque smoothness, and enhanced reliability 

enabling continued operation even when one or two non-adjacent phases fail [3, 4]. These benefits 

make multi-phase machines robust, low-maintenance, and scalable, supporting their growing use in 

high-power applications such as railway traction, naval propulsion, compressors, and cement mills [4, 

5]. A prominent example is the Dual Star Induction Machine (DSIM), a six-phase machine consisting 

of two offset three-phase stator windings in the fixed part. This configuration combines the advantages 

of traditional induction machines with the added benefits of multi-phase operation [6]. To further 

enhance its performance and reliability, the DSIM can be modified into a Dual Open-End Winding 

Induction Machine (DOEWIM) by separating the connections of both stator windings [7]. This 

topology requires control via four three-phase voltage sources with carefully calculated phase shifts to 

eliminate common-mode voltage—thereby mitigating issues like bearing currents and shaft voltages, 

which are major contributors to premature machine failures [8-9].  

Advancements in power electronics and modern control strategies have enabled AC drives to achieve 

dynamic performance levels comparable to those of DC drives—without the drawbacks associated 

with brushes and commutators. The main challenge in controlling asynchronous (AC) machines lies 

in the complex coupling between torque and magnetic flux. Field-Oriented Control (FOC) addresses 
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this by decoupling torque and flux control, effectively emulating the behavior of a separately excited 

DC motor. With FOC and the integration of powerful microprocessors, precise control of speed and 

torque in AC machines is now possible, matching the performance traditionally associated with DC 

machines [10].   

To achieve high performance and robustness under varying operating conditions, advanced control 

methods like fuzzy logic controllers (FLC) have been proposed as alternatives to traditional PI 

controllers. FLCs offer several advantages over PI and PID controllers [11]. They allow the integration 

of human expertise through linguistic rules and can implement nonlinear control strategies without 

requiring an exact mathematical model of the system. Additionally, FLCs exhibit strong robustness, 

though their response may vary significantly with changes in system parameters.  

This article is organized into five main sections. The first introduces the photovoltaic system and the 

MPPT technique used to optimize panel output. The second section describes the DOEWIM, 

highlighting its dual stator winding configuration. The third section outlines the indirect field-oriented 

control strategy and its key features. In the fourth section, the conventional IFOC is enhanced by 

replacing the traditional speed controller with a fuzzy logic-based regulator to improve system 

robustness. The fifth section presents simulation results, offering a detailed performance analysis under 

various practical scenarios. The article concludes with future perspectives and potential directions for 

further research. 

2. Photovoltaic system and MPPT technique 

2.1 Equivalent diagram of a solar cell  

A single-diode equivalent circuit is the most commonly used model for representing a solar cell. In 

this model, the short-circuit current generated by illumination is represented as a current source, while 

the photovoltaic effect is modeled by a diode. Additionally, a series resistance and a parallel (shunt) 

resistance are included to account for the losses in the system. Figure 1 shows the equivalent circuit of 

the photovoltaic cell model [12,13]. 

 

 

 

 

 

Figure 1. Equivalent PV cell circuit. 
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The characteristic equations of a solar cell are given by:  

{
 
 

 
 
𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ

𝐼𝑑 = 𝐼0 (𝑒
[
𝑞(𝑉+𝑅𝑠𝐼)

𝑘𝐴𝑇
−1]
)

𝐼𝑠ℎ =
𝑉+𝑅𝑠𝐼

𝑅𝑠ℎ

                                                                                                                                     (1) 

2.2 Perturb and Observe algorithm (P&O) 

Due to its simplicity and ease of implementation, the Perturb and Observe (P&O) method is one of the 

most widely used MPPT techniques. Its principle is based on introducing a small disturbance in the 

DC voltage of the PV array and observing the resulting variation in the output power. 

If the power increases following the disturbance, the system continues perturbing in the same direction. 

Otherwise, the direction of the disturbance is reversed. When a power increase is observed, the 

operating point lies to the left of the maximum power point (MPP). Conversely, if the disturbance 

causes a decrease in power, it indicates that the MPP has been crossed and the operating point is now 

on the right side of the MPP [14]. 

In such cases, the algorithm reverses the perturbation direction to track the MPP more effectively. 

Once the MPP is reached, the operating point stabilizes at the maximum power output. 

3. Description and modelling of DOEWIM 

The DOEWIM is a DSIM with open stator windings and, therefore, consists of twelve stator terminals 

six for each winding forming two identical star configurations that share the same stator and are 

electrically shifted by an angle of 𝜋/6 radians.  

 

 

 

 

 

Figure 2. Voltage supply dual open-end winding induction motor. 

Hence, four groups of three terminals are obtained, which require four three-phase converters to ensure 

powering and controlling the studied machine.  

Consider 𝑣𝑎1, 𝑣𝑏1, 𝑣𝑐1, 𝑣′𝑎1, 𝑣′𝑏1 and 𝑣′𝑐1 are respectively the pole voltages at the six outputs of the 

first two converters that are feeding the first ends of the two-stator winding, and 𝑣𝑎2, 𝑣𝑏2, 𝑣𝑐2, 𝑣′𝑎2, 𝑣′𝑏2 

and 𝑣′𝑐2 are respectively the pole voltages at the six outputs of the second two converters that are 

feeding the second ends of the two previous stator winding, as shown in the Figure 2. 
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The voltage across each phase winding among the six phases of the studied motor can be obtained 

based on the difference between the corresponding terminal voltages applied to its ends, as follows: 

First stator: {

𝑉𝐴1 = 𝑣𝐴1 − 𝑣′𝐴1
𝑉𝐵1 = 𝑣𝐵1 − 𝑣′𝐵1
𝑉𝐶1 = 𝑣𝐶1 − 𝑣′𝐶1

                                                                                                                (2) 

Second stator: {

𝑉𝐴2 = 𝑣𝐴2 − 𝑣′𝐴2
𝑉𝐵1 = 𝑣𝐵2 − 𝑣′𝐵2
𝑉𝐶1 = 𝑣𝐶2 − 𝑣′𝐶2

                                                                                                            (3) 

Based on these assumptions, the DOEWIM model in the (𝑑, 𝑞) frame can be presented as follows: 

The stator and rotor voltages equations 

{
  
 

  
 

𝑉𝑑𝑠1 = 𝑅𝑠1𝚤𝑑𝑠1 + 𝜑̇𝑑𝑠1 − 𝜔𝑠𝜑𝑞𝑠1
𝑉𝑞𝑠1 = 𝑅𝑠1𝚤𝑞𝑠1 + 𝜑̇𝑞𝑠1 + 𝜔𝑠𝜑𝑑𝑠1
𝑉𝑑𝑠2 = 𝑅𝑠2𝚤𝑑𝑠2 + 𝜑̇𝑑𝑠2 − 𝜔𝑠𝜑𝑞𝑠2
𝑉𝑞𝑠2 = 𝑅𝑠2𝚤𝑞𝑠2 + 𝜑̇𝑞𝑠2 + 𝜔𝑠𝜑𝑑𝑠2

𝑉𝑑𝑟 = 𝑅𝑟𝚤𝑑𝑟 + 𝜑̇𝑑𝑟 − (𝜔𝑠 − 𝜔𝑟)𝜑𝑞𝑟 = 0

𝑉𝑞𝑟 = 𝑅𝑟𝚤𝑞𝑟 + 𝜑̇𝑞𝑟 + (𝜔𝑠 −𝜔𝑟)𝜑𝑑𝑟 = 0

                                                                                           (4) 

With: 

{
 
 

 
 
𝑉𝑑𝑠1 = 𝑣𝑑𝑠1 − 𝑣′𝑑𝑠1
𝑉𝑞𝑠1 = 𝑣𝑞𝑠1 − 𝑣′𝑞𝑠1
𝑉𝑑𝑠2 = 𝑣𝑑𝑠2 − 𝑣′𝑑𝑠2
𝑉𝑞𝑠2 = 𝑣𝑞𝑠2 − 𝑣′𝑞𝑠2

 

The stator and rotor flux equations 

{
 
 
 

 
 
 
𝜑𝑑𝑠1 = 𝐿𝑠1𝚤𝑑𝑠1 + 𝐿𝑚(𝚤𝑑𝑠1 + 𝚤𝑑𝑠2 + 𝚤𝑑𝑟)

𝜑𝑞𝑠1 = 𝐿𝑠1𝚤𝑞𝑠1 + 𝐿𝑚(𝚤𝑞𝑠1 + 𝚤𝑞𝑠2 + 𝚤𝑞𝑟)

𝜑𝑑𝑠2 = 𝐿𝑠1𝚤𝑑𝑠2 + 𝐿𝑚(𝚤𝑑𝑠1 + 𝚤𝑑𝑠2 + 𝚤𝑑𝑟)

𝜑𝑞𝑠2 = 𝐿𝑠2𝚤𝑞𝑠2 + 𝐿𝑚(𝚤𝑞𝑠1 + 𝚤𝑞𝑠2 + 𝚤𝑞𝑟)

𝜑𝑑𝑟 = 𝐿𝑟𝚤𝑑𝑟 + 𝐿𝑚(𝚤𝑑𝑠1 + 𝚤𝑑𝑠2 + 𝚤𝑑𝑟)

𝜑𝑞𝑟 = 𝐿𝑟𝚤𝑞𝑟 + 𝐿𝑚(𝚤𝑞𝑠1 + 𝚤𝑞𝑠2 + 𝚤𝑞𝑟)

                                                                                             (5) 

The mechanical equation 

𝐽

𝑃

𝑑𝜔𝑟

𝑑𝑡
= 𝑇𝑒𝑚 − 𝑇𝐿 −

𝐾𝑓

𝑃
𝜔𝑟                                                                                                                      (6) 

4. Field oriented control 

Indirect Field-Oriented Control (IFOC) eliminates the need for flux sensors by using known motor 

parameters to calculate the appropriate slip frequency, thereby determining the desired flux position 

[15,16]. In this method, rotor flux is estimated based on the stator current vector, voltage vector, and 

rotor speed, and this estimation is then provided to the flux and torque controllers [17]. This approach 

is simpler to implement than the direct FOC method and can operate effectively across the full speed 

range from zero to high speed in both directions. As a result, the indirect vector control method is 

gaining increasing popularity. 
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The equations system for stator voltages is given by: 

{
 
 

 
 
𝑣𝑑𝑠1 = 𝑅𝑠1𝚤𝑑𝑠1 + 𝐿𝑠1𝚤̇𝑑𝑠1 − 𝜔𝑠

∗(𝐿𝑠1𝚤𝑞𝑠1 + 𝜏𝑟𝜑𝑟
∗𝜔𝑔𝑙

∗ )

𝑣𝑞𝑠1 = 𝑅𝑠1𝚤𝑞𝑠1 + 𝐿𝑠1𝚤̇𝑞𝑠1 − 𝜔𝑠
∗(𝐿𝑠1𝚤𝑑𝑠1 + 𝜑𝑟

∗)

𝑣𝑑𝑠2 = 𝑅𝑠2𝚤𝑑𝑠2 + 𝐿𝑠2𝚤̇𝑑𝑠2 − 𝜔𝑠
∗(𝐿𝑠2𝚤𝑞𝑠2 + 𝜏𝑟𝜑𝑟

∗𝜔𝑔𝑙
∗ )

𝑣𝑞𝑠2 = 𝑅𝑠2𝚤𝑞𝑠2 + 𝐿𝑠2𝚤̇𝑞𝑠2 − 𝜔𝑠
∗(𝐿𝑠2𝚤𝑑𝑠2 + 𝜑𝑟

∗)

                                                              (7) 

The electromagnetic torque expression is as follows: 

𝑇𝑒𝑚
∗ = 𝑃

𝐿𝑚

𝐿𝑚+𝐿𝑟
[(𝚤𝑞𝑠1 + 𝚤𝑞𝑠2)𝜑𝑟

∗]                                                                                                 (8)                                      

The rotor flux is regulated by a defluxing block, where, in general, the flux is maintained at its nominal 

value during operation at or below the machine’s nominal speed. In cases where the operating speed 

exceeds the nominal speed, the flux is reduced to limit the machine’s voltage. The reference flux is 

defined as follows: 

{
𝜑𝑟
∗ = 𝜑𝑛     𝑠𝑖     |𝛺| ≤ 𝛺𝑛

𝜑𝑟
∗ =

𝜑𝑛𝛺𝑛

|𝛺|
     𝑠𝑖     |𝛺| > 𝛺𝑛

                                                                                                    (9) 

Defluxing allows optimal exploitation of the machine's magnetic capabilities at under speed (|𝛺| ≤

𝛺𝑛) and overspeed (|𝛺| > 𝛺𝑛). 

5. Fuzzy logic controller 

5.1 Fuzzy logic controller and its main steps   

The fuzzy logic controller uses a set of fuzzy rules that represent a decision-making mechanism to 

adjust the system's response to various stimuli. The primary goal of using an FLC is to replace a skilled 

human operator with a rule-based fuzzy system. Fuzzy logic provides a convenient method for 

mapping input variables to output responses [18–23] and is conceptually straightforward to understand 

[24–28]. 

A typical fuzzy logic controller consists of three main steps: 

Fuzzification 

The most common controller has two inputs, error and the derivative of the error with respect to a 

defined reference signal and one output, which is usually the control command. 

Fuzzy inference engine 

The fuzzy rule consists of an antecedent–consequent pair, expressed as IF-THEN rules encoded in a 

lookup table (Table 1). The input-output mapping is performed using an inference mechanism based 

on Zadeh's logic. 
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Table 1. Inference rules table. 

ce e NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NVS ZE 

NM NB NB NB NM NVS ZE PVS 

NS NB NB NM NVS ZE PVS PM 

ZE NB NM NVS ZE PVS PM PB 

PS NM NVS ZE PVS PM PB PB 

PM NVS ZE PVS PM PB PB PB 

PB ZE PVS PM PB PB PB PB 

Fuzzy inference engine 

The center of area defuzzification method is used to calculate the crisp output value. 

5.2 Computational cost of the fuzzy logic controller 

The computational cost of a fuzzy logic controller can be relatively high, especially in real-time control 

scenarios, due to the complexity of fuzzification, inference, and defuzzification operations. Unlike 

conventional controllers such as PI, a fuzzy controller requires the evaluation of multiple linguistic 

rules and the execution of nonlinear calculations at each sampling cycle. This computational load can 

be a challenge for embedded systems or applications requiring very fast response times. However, 

with advancements in microcontrollers and digital signal processors (DSPs), it is now possible to 

efficiently implement fuzzy controllers in real-time systems, provided the algorithms are optimized 

and the number of rules is kept within reasonable limits. 

Figure 3 shows the general diagram of the control structure using the fuzzy field-oriented control 

technique for a DOEWIM supplied by two photovoltaic solar panels, with speed, rotor flux, and stator 

currents controlled in a nonlinear control plane. 
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Figure 3. Fuzzy field-oriented control scheme applied on DOEWIM powered by photovoltaic cells. 

6. Simulation results and discussions 

In this section, the application of fuzzy field-oriented control for the operation of the DOEWIM 

powered by photovoltaic cells is examined through simulation tests. 

The main objective is to present a detailed analysis of the performance of this control technique by 

studying the dynamic behavior of key electrical, electromagnetic, and mechanical variables, such as 

stator current, electromagnetic torque, stator flux, and rotor speed. Additionally, tests were conducted 

for different reference speed values, considering start-up under no load, load torque application, and 

speed reversal. 

Indeed, these simulations include a sequence of steps that can imitate the practical cases in industrial 

applications. The machine starts up at 𝑡 = 0𝑠 with no load following an imposed reference speed 

profile of 150𝑟𝑎𝑑/𝑠, at 𝑡 = 1𝑠 a load torque of 𝑇𝐿 = 5𝑁.𝑚 is applied which is considered as an 

external perturbation, at 𝑡 = 1.5𝑠 the reference speed value is increased to 200𝑟𝑎𝑑/𝑠 then at 𝑡 = 2𝑠 

 

𝑉𝑑𝑠1
∗  

 

 

 

 

 

 

 

 

 

 

 

 

𝐷𝑒𝑓𝑙𝑢𝑥𝑖𝑛𝑔 

  

  

𝚤𝑞𝑠𝑛 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓  

𝚤𝑞𝑠𝑒𝑞  

  

𝑉𝑞𝑠1
∗  

𝑉𝑑𝑠2
∗  

𝑉𝑞𝑠2
∗  

𝑃𝑎𝑟𝑘_1 

𝑃𝑎𝑟𝑘_2 

𝑀𝑃𝑃𝑇_𝑃&𝑂 

𝑀𝑃𝑃𝑇_𝑃&𝑂 

𝐼𝑛𝑣_1.1 𝐼𝑛𝑣_1.2 

𝐼𝑛𝑣_2.1 𝐼𝑛𝑣_2.2 

𝐷𝑂𝐸𝑊𝐼𝑀 

𝚤𝑞𝑠
∗  

𝜑𝑟
∗ 

Ω 

𝜔𝑟
∗ + + 

+ − 

𝐹 
𝑂 
𝐶 

 

𝚤𝑑𝑠1 , 𝚤𝑞𝑠1 , 𝚤𝑑𝑠2 , 𝚤𝑞𝑠2 , Ω, 𝜑𝑟 

 

𝑃 

𝑃𝑉𝐺_1 

𝑃𝑉𝐺_2 

 𝐹𝐿𝐶 
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the applied load torque is increased to 𝑇𝐿 = 10 𝑁𝑚, then at 𝑡 = 3𝑠 the applied load torque is removed 

which means that 𝑇𝐿 = 0𝑁.𝑚.  

The second part of these simulations present the dynamic behaviour of the proposed control technique 

against the speed revers, where at 𝑡 = 3𝑠 the reference speed is inverted to a value of −150𝑟𝑎𝑑/𝑠 

without the application of any load torque, then at 𝑡 = 5𝑠 another value of the inverted reference speed 

is applied to become −200 𝑟𝑎𝑑/𝑠.  

Figure 4 shows the rotor speed and its reference for the fuzzy field-oriented control applied to the 

DOEWIM. Note that the four passages from 0𝑟𝑎𝑑/𝑠 to 150𝑟𝑎𝑑/𝑠 then from 150𝑟𝑎𝑑/𝑠 to 200𝑟𝑎𝑑/𝑠 

on the one hand, and from 200𝑟𝑎𝑑/𝑠 to −150𝑟𝑎𝑑/𝑠, then from −150𝑟𝑎𝑑/𝑠 to −200𝑟𝑎𝑑/𝑠 on the 

other hand are carried out by the rotor speed in a linear manner without any overshoot, completely 

identical to the practical case. In the steady state, the rotor speed perfectly follows the reference speed 

without showing a real influence for different load applications, moreover the error representing the 

difference between the two speeds is very low. Overall, the rotor speed response is very satisfactory at 

all stages of operation, indicating the robustness and accuracy of the fuzzy logic controller. 

Figure 5 gives the electromagnetic torque developed by the machine studied. The electromagnetic 

torque exhibits high dynamics characterized by minimal fluctuations. The width of the torque 

fluctuation band appears very small, which confirms the precision of the proposed control by 

eliminating fluctuations. The torque response to the application of loads and to the reversal of direction 

of rotation is carried out with great precision and without any overshoot thanks to the great robustness 

of the field-oriented control. 

The stator phase currents of the first DOEWIM star are shown in Figure 6. At start-up, the currents are 

unequal due to the induction of the circuit, then in the equilibrium state the amplitude of these currents 

is constant, then, when the load is introduced or the direction of rotation is reversed, the amplitudes 

currents increase, which suggests a strong performance of the field-oriented control. 

The components of the direct and quadratic rotor flux for the DOEWIM powered by photovoltaic cells 

are represented by Figure 7. We note that the two components 𝜑𝑑𝑟 and 𝜑𝑞𝑟 pass a very short-term 

transient regime then reach perfect stability successively at the values 1𝑊𝑏 and 0𝑊𝑏 in steady state, 

which proves that the complete decoupling between the torque and the flux is maintained by field-

oriented command. 

Figure 8 clearly shows the chosen irradiation (E) values, which varied between 600𝑊/𝑚2 and 

800𝑊/𝑚2. Observation of Figure 9 and Figure 10, which represent the voltage and the power of 

photovoltaic generator respectively, confirms that the irradiation value is directly proportional to the 
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voltage and the power of photovoltaic generator, since as the irradiation increases, the voltage and the 

power of photovoltaic generator increase, and vice versa. 

 

 

 

 

 

 

Figure 4. Rotor speed of the DOEWIM. 

 

 

 

 

 

 

 

 

Figure 5. Electromagnetic torque developed by the DOEWIM. 

 

 

 

 

 

 

 

 

Figure 6. Stator phase currents. 

 

 

 

 

 

 

 

 

Figure 7. Components of the rotor flux. 
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Figure 8. Solar irradiation. 

 

 

 

 

 

 

 

 

Figure 9. PVG Voltage. 

 

 

 

 

 

 

 

 

 

Figure 10. PVG Power. 

 

7. Conclusion 

In conclusion, the proposed control technique proves to be a highly competitive and promising solution 

for the control of multiphase machines, particularly those with open stator winding topologies. 

Notably, the application of this control strategy to the DOEWIM powered by photovoltaic energy 

represents a novel contribution, as such integration has not been thoroughly explored in existing 

literature. The simulation results obtained using the artificial intelligence-based control method 

developed in this study highlight significant improvements in system performance, demonstrating both 

enhanced dynamic response and high operational efficiency under various demanding conditions. 

0 1 2 3 4 5 6
0

200

400

600

Time (s)

P
V

G
 V

ol
ta

ge
 (

V
)

0 1 2 3 4 5 6
500

600

700

800

900

Time (s)

Ir
ra

di
at

io
n 

(W
/m

2)

0 1 2 3 4 5 6
-1000

0

1000

2000

3000

4000

5000

Time (s)

PV
G

 P
ow

er
 (W

)



Islamic University Journal of Applied Sciences VII, (I), (2025) 168-180 

179 

 

This control approach effectively addresses many of the key challenges typically encountered in 

multiphase machine control such as complexity, nonlinearity, and fault tolerance making it especially 

suitable for high-power industrial applications where system reliability, minimal maintenance, and 

uninterrupted operation are critical. Therefore, the proposed technique holds strong potential for future 

deployment in real-world scenarios requiring robust, intelligent, and energy-efficient control systems. 
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