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 This study presents a fuzzy logic direct torque control for induction motor to 

be used in photovoltaic (PV) water pumping system. The system is intended 

to be less expensive and simple while maximizing PV array power 

utilization. For this purpose, a smart technology based on fuzzy logic 

controller (FLC) has been implemented to track the maximum power which 

has been successfully used in solar water pumping systems under different 

irradiance levels. Next, to alleviate the disadvantages of standard DTC, we 

chose fuzzy direct torque control (FDTC) for induction motors driving a 

centrifugal pump. Furthermore, this study includes the usage of IP with anti-

windup and slide mode speed controller (SMC) instead of the traditional 

proportional-integral speed controller. Finally, the induction motor (IM) 

speed has been optimized with an optimum speed control in order to 

maximize the pump’s hydraulic parameters. The FDTC, with its SMC 

outperforms the photovoltaic pumping system (PVPS) in terms of dynamic 

performance and robustness. To develop a full simulation model of the 

proposed PVPS configuration under various climate conditions, MATLAB 

environment and associated Simulink are used. 
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1. INTRODUCTION 

Over the last several years, the globe has seen a major increase in demand for energy in all sectors 

of life, particularly electricity, which is obtained mainly from fossil fuels. This latter has a harmful effect on 

the environment. The way out of this problem is to resort to renewable energy. Many governments have 

implemented substantial investments in this regard and so appear to be on the right track to tackle the 

problem of combining energy production and consumption, while preserving the ecological equilibrium of 

the planet. In this instance, the sun remains the most viable energy source, whether directly or indirectly, [1]. 

Stand-alone water pumping systems powered by electrical motors are the most common application 

of photovoltaic energy. Indeed, it is the most often used energy source for supplying drinking and irrigation 

water in rural areas that cannot afford to connect to the national grid. Meah et al. [2] developed solar 

photovoltaic pumping systems produce appropriate amounts of clean and safe water, protecting human health 

and ensuring long-term development [3]. 

Solar modules have two primary drawbacks: a relatively high manufacturing cost and a low 

efficiency. As a result, the solar system must be operated at the maximum power point (MPPT) under any 

circumstances. Photovoltaic (PV) systems are integrated with DC-DC converters and their related control 

algorithms to continuously extract MPPT [4]. Strong intelligence control strategies, such as follicular 
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lymphoma (FL), have been developed in recent years. The key benefit of fuzzy logic control (FLC) is that it 

responds quickly and smoothly under a variety of solar irradiation circumstances [5]. Because of its 

exceptional performance in raising the efficacy of the photovoltaic pumping system (PVPS), it is being used 

in this attempt.  

The selection of a drive system to interface with the PV source was AC induction motor (IM), 

because it appears to be an adequate alternative in terms of power and high PVPS reliability [6]. New 

controls, such as Duisburg test case (DTC), are proving to be very promising because to a variety of benefits, 

including simplicity, quicker response and fewer reliance on machine parameters. DTC accomplishes 

decoupled control of both stator flux ad electromagnetic torque while the axis transformation and current 

regulators are not needed [7],[8]. In PV systems, DTC achieves quick responses, excellent performance and 

less variations in steady state for temperature variation and sudden irradiance variation, increasing the energy 

successfully taken from the photovoltaic generator (GPV) when compared to other types of control, 

especially vector control [9]. 

However, there are important drawbacks: the torque and stator flux ripples have a large amplitude, 

specially at low speeds and the switching frequency is very variable [10]. Errouha et al. [11] designed fuzzy 

logic blocks have taken the place of lookup tables and hysteresis controllers when employing adaptive fuzzy 

logic control for speed regulation to avoid these drawbacks. As a result, the flux and torque ripples are 

reduced to a minimum. Despite the fuzzy logic controller's benefits, it can achieve higher performance. The use 

of SMC methods instead of proportional-integral has great results and references are tracked precisely and 

quickly [12], that is why it is proposed to combine this control for speed regulation with fuzzy logic controller 

to improve the performance of DTC in this paper so that the water pumping system performs better. 

The proposed system is described in Figure 1. The SMC is used to generate torque reference to deal 

with variations in climatic circumstances. The PV array is set to its maximum power output utilizing a boost 

converter with a fuzzy logic controller (FLC). In a MATLAB/Simulink environment, the starting, steady-

state, and dynamic behaviours of SPWS under varying solar irradiation are studied. The paper is divided into 

four sections: the proposed system is designed, modeled and controlled in section 2. Section 3 discusses a 

comparative study and provides the simulation results. The conclusion is presented in the final section. 
 

 

2. CONFIGURATION OF THE ENTIRE SYSTEM  AND OPERATION 

The design system, its modeling and its control are presented. 
 

2.1.  Designing a system 

Figure 1 shows the global system schematic diagram constituting the motor-pump powered by PV 

array with fuzzy direct torque control (FDTC) while using slide mode speed controller (SMC) instead of the 

traditional proportional-integral speed controller. For the proper design of the PV generator (GPV) array; In 

order to feed a pump with induction motor drive of 1500 W with 1900 W, the GPV is constituted of two 

modules in parallel and five modules in series. 

Regarding the pump design. The power supplied to the pump is proportional to the speed cube. For 

a 1435 rpm rated speed and an input power of 1.5 KW, the pump constant 𝐾𝑝can be calculated as, [13]: 
 

𝐾𝑝 =
𝑃

(𝜋/30×𝑁)3
=

1.5×103

(𝜋/30×1435)3
= 0.00044 𝑠𝑒𝑐3/𝑟𝑎𝑑3 (1) 

 

 

 
 

Figure 1. The global system's schematic illustration 
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2.2.  System modeling 

The following is a description of the modeling of the entire photovoltaic pumping system: 

 

2.2.1. PV cell 

It consists of a current source (Isc), a diode (D), resistances (Rsh) and (Rs) as shown in Figure 2 [14]. 

The current-voltage characteristic is expressed in (2). Where I is the cell current, V is the cell voltage, n is a 

diode ideality factor, I0 is the reverse saturation current of diode, q is the elementary charge, k is the 

Boltzmann’s constant and T is the absolute temperature. 

 

𝐼 = 𝐼𝑠𝑐 − 𝐼0 [𝑒
(
𝑞(𝑉+𝐼.𝑅𝑠)

𝑛𝑘𝑇
)
− 1] −

𝑉+𝐼.𝑅𝑠

𝑅𝑠ℎ
 (2) 

 

 

 
 

Figure 2. Circuit equivalent to a cell 

 

 

2.2.2. Induction motor 

The IM model is represented with these mathematical equations in the stationary frame ( βα, ) [15]. 

 

{
 
 
 

 
 
 
𝑑𝑖𝑠𝛼

𝑑𝑡
= 𝜆1𝑖𝑠𝛼 − 𝑝𝛺𝑖𝑠𝛽 + 𝜆2𝛹𝑠𝛼 + 𝜆3𝑝𝛺𝛹𝑠𝛽 + 𝜇𝑣𝑠𝛼

𝑑𝑖𝑠𝛽

𝑑𝑡
= 𝜆1𝑖𝑠𝛽 − 𝑝𝛺𝑖𝑠𝛼 + 𝜆2𝛹𝑠𝛽 + 𝜆3𝑝𝛺𝛹𝑠𝛼 + 𝜇𝑣𝑠𝛽

𝑑𝛹𝑠𝛼

𝑑𝑡
= 𝑣𝑠𝛼 − 𝑅𝑠𝑖𝑠𝛼

𝑑𝛹𝑠𝛽

𝑑𝑡
= 𝑣𝑠𝛽 − 𝑅𝑠𝑖𝑠𝛽

𝑑𝛺

𝑑𝑡
= 𝜆3𝑇𝑒 − 𝜆5𝛺 − 𝜆3𝑇𝑝

 (3) 

 

The electromagnetic torque equation is: 

 

𝑇𝑒 = 𝜆4(𝑖𝑠𝛽𝛹𝑠𝛼 − 𝑖𝑠𝛼𝛹𝑠𝛽) (4) 

 

where isα and isβ are stator current components, Ψsα and Ψsβ are stator flux components, p is the pole’s pairs 

number and Ω the rotor speed,
4321 λ,λ,λ,λσ, ,μ  and 

5λ  are given by: 

 

𝜎 = 1 −
𝐿𝑚
𝐿𝑠𝐿𝑟

, 𝜇 =
1

𝜎𝐿𝑠
, 𝜆1 = −(

𝑅𝑠
𝜎𝐿𝑠

+
𝑅𝑟
𝜎𝐿𝑟

) , 𝜆2 = 𝜇 (
𝑅𝑠

𝜎𝐿𝑠𝐿𝑟
) , 𝜆3 =

1

𝐽
, 𝜆4 =

3

2
𝑝, 𝜆5 =

𝑓𝑣
𝐽

 

 

with Rs and Rr are stator and rotor resistances, Ls and Lr are stator and rotor inductances, and Lm is the mutual 

stator-rotor inductance. 

 

2.2.3. Centrifugal pump 

The pump torque Tp which is given in (5), [16]. The hydraulic power is calculated as [17]-[19]. 

Where ρ , g , 𝐻and Q are respectively, the density of water, gravity, total dynamic head and water flow. 

 

𝑇𝑃 = 𝐾𝑃𝛺
2 (5) 

 

𝑃ℎ = 𝜌𝑔𝐻𝑄 (6) 

 

 

3. THE SYSTEM'S CONTROL 

In this section, MPPT of the GPV with FLC, SMC for speed regulator and FDTC of IM are studied. 
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3.1.  MPPT strategies 

They're getting more frequent in PV systems with non-linear characteristics these days [20]. The 

fuzzy MPPT control provides the optimum duty cycle (Dopt) to feed the converter's switch [21]. Fuzzification, 

inference and defuzzification are the three processes of the MPPT controller technique using FLC algorithm. 

Figure 3 show diagram depicts the fuzzy controller's basic structure [22]. 

Table 1 presents the fuzzy controller's rules, where all inputs are fuzzy sets of error (Ɛ(k)) and 

change of error (DƐ(k)) in (7) and (8). The output is the change of duty cycle (D) at the chopper. In the case 

of fuzzy control. The control rule in fuzzy control must be trained in such a way that the input variable Ɛ(k) 

remains zero. Where the rules are : NB, NS,  PS, PB and ZE are respectively defined as negative big, 

negative small; positive small, positive big and zero. 
 

휀(𝑘) =
𝑃𝑝𝑣(𝑘)−𝑃𝑝𝑣(𝑘−1)

𝑉𝑝𝑣(𝑘)−𝑉𝑝𝑣(𝑘−1)
 (7) 

 

𝐷휀(𝑘) = 휀(𝑘) − 휀(𝑘 − 1) (8) 
 

Where Ppv and Vpv are respectively the GPV power and voltage, K is the sampling time. 
 

 

 
 

Figure 3. A fuzzy controller's general block diagram 
 

 

Table 1. Table of controller’s rules 
Ɛ(k) DƐ(k) NB NS ZE PS PB 

NB ZE ZE PB PB PB 

NS ZE ZE PB PB PB 

ZE PS ZE ZE ZE NS 
PS NS NS NS ZE ZE 

PB NB NB NB ZE ZE 

 

 

3.2.  Fuzzy direct torque control technique description 

DTC's main principle is a concept of the open-loop direct determination of the command sequence 

used to switch a voltage inverter in order to provide the electromagnetic torque control as well as the stator 

flux magnitude instantaneously. The inverter voltage vector can be expressed in the following way [23]. With 

cba I,I,I are switching logic states (0 or 1) while Uc is DC bus voltage. Figure 4 show diagram represents the 

set of voltage vectors delivered by each voltage inverter at two levels. The suggested control may be broken 

down into many blocks, including flux and torque estimators [24], fuzzy logic DTC, and a speed regulator. 
 

𝑉 = √
2

3
𝑈𝑐(𝐼𝑎 + 𝐼𝑏𝑒

𝑗2𝜋

3 + 𝐼𝑐𝑒
𝑗4𝜋

3 ) (9) 

 

 

 
 

Figure 4. Voltage vectors inverter 
 

 

3.2.1. DTC based on the fuzzy logic 

Fuzzy logic blocks have taken the place of lookup tables and hysteresis controllers in order to 

improve accuracy and decrease ripples in both electromagnetic torque and fluix, [24]. Figure 5 depicts the 

suggested controller, which is designed to provide the optimal vector required to produce the appropriate 
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torque and flux changes. The FDTC structure has internally three inputs and three outputs. The inputs are the 

electromagnetic torque error E_Torque, the stator flux error E_flux and the flux position Ɵs. The outputs are 

three switching magnitudes (Sa, Sb and Sc) of switches of the inverter of two levels [25], [26]. 

 

 

 
 

Figure 5. The proposed fuzzy controller architecture 

 
 

The fuzzy controller monitors the errors signals and the sector identification angle, and changes the 

output voltage vector accordingly, ensuring that the electromagnetic torque and rotor flux are in line with 

their references [27]. 

 

𝜃𝑠 = 𝑎𝑟𝑐𝑡𝑔(
𝛹𝑠𝛽

𝛹𝑠𝛼
)   (10) 

 

𝐸𝑇𝑜𝑟𝑞𝑢𝑒 = 𝑇𝑒𝑟𝑒𝑓 − 𝑇𝑒𝑒𝑠𝑡 (11) 

 

𝐸𝑓𝑙𝑢𝑥 = 𝛹𝑠𝑟𝑒𝑓 − 𝛹𝑠𝑒𝑠𝑡 (12) 

 

The following steps must be completed in order to design a fuzzy inference system: 

− Fuzzification: The flux position discourse universe is numbered from one to six (1 to 6 fuzzy sets), for all 

angles θi the triangular membership function is used, while the electromagnetic torque error is presented 

in three sets (positive, zero and negative torque error (P, Z and N, respectively); for Z, we use the 

triangular membership function and P and N are trapezoid, in the other side, the flux error is separated 

into two fuzzy sets (positive and negative flux error (P and N respectively)). For P and N, we use 

trapezoid membership functions. Each output is divided into two sets (0 and 1), with membership 

functions determined by trapezoid forms. 

− Fuzzy rules: Following the DTC lookup table input and output, the rules are designed. Figure 4 depicts the 

fuzzy rules, the output and input membership sets, the goal is to provide the controller's output variables 

based on the input variables [28]. Defuzzification: the simple implementation with better results led to select 

Mamdani technique with the Max–Min choice, which is also proven in other papers such [28]. 

 

3.2.2. The speed regulator 

The first controller is composed of an IP with anti-windup loop,[29], [31]. A FDTC with the SMC 

was used. To increase the speed response of the IM, IP with anti-windup speed controller was substituted 

with SMC in this application, [30],[31]. The sliding surface is however given by: 
 

𝛿1 = 𝛺∗ − 𝛺 (13) 
 

The surface's derivative is as follows: 
 
𝑑𝛿1

𝑑𝑡
=

𝑑𝛺

𝑑𝑡

∗
−

𝑑𝛺

𝑑𝑡
 (14) 

 

From in (13) and (14), the derivative of the surface becomes: 

 
𝑑𝛿1

𝑑𝑡
=

𝑑𝛺

𝑑𝑡

∗
− 𝜆3𝑇𝑒 + 𝜆5𝛺 + 𝜆3𝑇𝑝 (15) 
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The electromagnetic torque in equation (15) is replaced by the control torque 
ref

eT : 

𝑇𝑒𝑟𝑒𝑓 = 𝑇𝑒𝑒𝑞 + 𝑇𝑒𝑛  (16) 

 

The (15) is transformed into: 

 
𝑑𝛿1

𝑑𝑡
=

𝑑𝛺

𝑑𝑡

∗
− 𝜆3𝑇𝑒𝑟𝑒𝑓 + 𝜆5𝛺 + 𝜆3𝑇𝑝 (17) 

 

During sliding mode, the 
𝑑𝛿1

𝑑𝑡
 and the discontinuous control 𝑇𝑒𝑛 are both null. The equivalent control is 

deduced from : 

 

𝑇𝑒𝑟𝑒𝑓 =
1

𝜆3
(
𝑑𝛺

𝑑𝑡

∗
+ 𝜆5𝛺 + 𝜆3𝑇𝑝) (18) 

 

The condition of stability (𝛿1.
𝑑𝛿1

𝑑𝑡
< 0) must be checked during the convergence mode, substituting the 

equivalent control (18) in (17), we get: 

 
𝑑𝛿1

𝑑𝑡
= −𝜆3𝑇𝑒𝑛  (19) 

 

To stabilize the system 𝑇𝑒𝑛 is chosen as follows: 

 

𝑇𝑒𝑛 = 𝜆𝑠𝑖𝑔𝑛(𝛿1) (20) 

 

Where 𝜆 is a positive gain. 

 

 

4. RESULTS AND DISCUTION: 

MATLAB software is used to perform various tests to assess the studied system's performance and 

adaptability. Ten PV panels are used in this simulation, five are connected in series and two in parallel to get 

maximum power to run the motor of 1.5 kW. The PV array, the boost and the induction motor parameters are 

shown in appendix Table 2, Table 3, and Table 4. Different modes of operation are analyzed in order to evaluate 

the PVPS dynamic responsiveness under varied solar insolation levels. The irradiance and temperature are 

maintained at 1 kW/m² and 25 °C, respectively. The following figures show the simulation results. 

Under full sunlight, the GPV generates enough power to provide complete water distribution. As 

shown in Figure 6, a radiation of 1kW/m2 is provided, resulting in 1.9 kWp generated by GPV array using the 

MPPT controller based FLC. The power and the current of the GPV in Figures 6(a) and 6(b) rapidly go up from 

transient to steady state and remain stable at max values with an optimum duty cycle of the chopper. In turn, the 

PV voltage follows its maximum value as shown in Figure 6(c) which shows the good performance of FLC. 

Concerning Figure 7(a), after a transitory spike, the electromagnetic torque drops almost instantly to a constant 

amount in steady state with some oscillations and in Figure 7(b) the decrease of torque is slower and therefore it 

is clear that the SMC efficacy in term of response time is faster than AWIP. Figures 7(c), 7(d) and 7(e) show 

respectively the IM speed, the water flow and the hydraulic power for both techniques. The speed behavior 

obtained using FDTC with SMC takes 0.3s to reach the reference without overshooting while the FDTC 

technique with AWIP takes almost 0.75 s. As consequence, there is a noticeable improvement in response time 

in water flow and hydraulic power. Figure 7(f) shows the stator flux behavior, which closely follows the 

reference 1 Wb. Taking a period from the steady state, the stator flux THD value is 17.28% Figure 7(g). Next, a 

sudden change of PV irradiance level is applied at 1.4s, the radiation level is varied from 0.7 to 1 kW/m² just to 

confirm the robustness of the proposed controllers. 

 

 

Table 2. PV DIMEL parameters 
Electrical characteristics 

Maximum Power (Pmax) 190 W 
Voltage (Vmp) 30.40 V 
Current (Imp) 6.25 V 
Open-circuit voltage (Voc) 36.2 V 
Short-circuit current (Isc) 6.7 A 
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Table 3. The boost parameters 
Parameters 

PV array voltage (Vpv) 150 V 
DC link voltage (VDC) 410 V 
switching frequency (f) 4 Khz 
boost convert duty ratio 
(D) 𝐷 = 1 −

𝑉𝑃𝑉
𝑉𝐷𝐶

= 0.63 

inductance (L) 
𝐿 =

𝐷(1 − 𝐷)2. 𝑅

2. 𝑓𝑠
= 0.172𝑚𝐻 

capacitance (C) 
𝐶 =

𝐷

2. 𝑓𝑠. 𝑅
= 4.92 𝜇𝐹 

 

Table 4. IM parameters 
Parameters Values Parameters Values 

Power (PN) 1500 W Rotor resistance (Rr) 4.282 Ω 
Voltage (VN) 230/400 

V 
Stator Inductance (Ls) 0.4640 H 

Current (IN) 3.2/5.5 A Rotor Inductance (Lr) 0.4640 H 
Speed (nN) 1435 rpm Mutual Inductance (M) 0.4410 H 

Frequancy (F) 50 HZ Inertia’s moment 0.005 Kg.m² 

Pair Pole (P) 2 Viscous friction 
coefficient 

0.003 
N.m.s/rad 

Stator resistance 

(Rs) 
5.717 Ω   

 

 

 

  
(a) (b) 

 

 
(c) 

 

Figure 6. Response of GPV (a) power, (b) current, and (c) voltage 

 

 

The IM drive's reference speed varies depending on the output power of the PVG which is used to 

compute the optimal speed, which is then used as a reference speed for the motor-pump. Figures 8(a), 8(b) 

and 8(c) show the response of a PV array, where the MPPT controls perfectly the power and current values 

and extracts them from the GPV while the changes in irradiance concerning the voltage is negligible. Figure 

9(a) shows the DC voltage while Figures 9(b) and 9(c) illustrate the developed IM electromagnetic torque 

and the pump torque using both methods. The torque of the PVPS controlled by the FDTC technique with 

SMC quickly achieves a steady state compared to the PV system controlled by the FDTC with AWIP. The 

FDTC has however ensured that for variable irradiance, the torque of the motor is equal to that of the pump’s 

need. In regarding the speed response in Figure 9(d), it is worth noting that the good speed tracking has also 

resulted in good tracking of the PVG power, resulting in maximum power transfer to the water pump. As it 

can be noticed as well from Figures 9(e) and 9(f) that when the insolation increases, the hydraulic power and 

the flow rate increase. Figure 9(g) shows the stator flux behavior, which closely follows the reference 1Wb 

whatever the radiation change. As a result, the performance of the control techniques is evident, they improve 

the PVPS's performance and robustness, however the SMC outperforms other technique in terms of fast 

response without overshooting. According to the simulation results, the proposed technique which relies on 

the association of SMC and FLC increases accuracy in terms of overshoot reduction and response time 

improvement, and using FLC for MPPT was the best choice to ensure that the proposed system runs 

smoothly as it appears clearly in results. 
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(a) (b) 

 

  
(c) (d) 

 

  

(e) (f) 
 

 
(g) 

 

Figure 7. IM response (a) electromagnetic torque and the pump torque with SMC, (b) electromagnetic torque 

and the pump torque with AWIP(c) IM speed, (d) water flow, (e) hydraulic power(f) stator flux,  

and (g) FFT analysis of stator flux 
 
 

 
(a) 

 
(b) 

  

 
(c) 

 

Figure 8. Response of GPV under change radiation (0.7 to 1 KW) (a) power, (b) current,  

and (c) voltage 
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(a) (b) 

 

  
(c) (d) 

 

  
(e) (f) 

 

 
(g) 

 

Figure 9. IM response using FDTC (a) DC voltage, (b) electromagnetic torque and the pump torque with 

SMC, (c) electromagnetic torque and the pump torque with AWIP(d) IM speed, (e) water flow,  

(f) hydraulic power, and (g) stator flux 

 

 

5. CONCLUSION 

A proposed control for a PV water pumping system is detailed which combines the FDTC and SMC 

concepts. The main goal is to preserve the PVPS hydraulic parameters at its highest level particularly the 

water flow while maintaining good and fast performance adapting to all circumstances. The use of MATLAB 

made it possible to simulate the system after having designed and modeled it, so that the results obtained 

verify the proposed control and improve it. The adoption of FDTC-based SMC has enhanced the water flow 

and hydraulic power even at sudden change of PV irradiance. The simulation findings verify the proposed 

system's design and performance, demonstrating that the SMC is advantageous in IM drive speed regulation 

and that FLC for MPPT enhances PV pumping system efficiency. 
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