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Abstract- In this paper, three cascaded fuzzy–predictive controllers are designed to control a photovoltaic/battery pumping 

system. For maximum power point tracking (MPPT), the outer loop consists of a fuzzy controller that provides the reference 

current corresponding to the maximum power. The inner loop regulates the photovoltaic current with a predictive controller 

based on pulse width modulation (PWM). Meanwhile, another fuzzy–predictive controller drives the bidirectional converter to 

manage the power flow between the different stages of the system. The third fuzzy–predictive controller consists of the duty 

ratio control (DRC) of the induction motor, in which a fuzzy estimator provides the switching vector (SV) to be applied to the 

inverter during the ON time (TON). Afterwards, a predictive controller calculates the optimal OFF time (TOFF) for which a zero 

voltage will be applied. The proposed controllers are compared by simulation to three different control strategies presented in 

the literature. The system was subjected to different irradiances and speeds to test its performance under different environmental 

and load conditions. It turns out that the proposed MPPT algorithm provides the best tracking speed during system start-up and 

helps to reduce the PV power ripples. In addition, the battery current ripples are reduced, and the DC link voltage is regulated 

with zero overshoot and better accuracy. The proposed DRC is the best in terms of reducing torque and flux ripples and it tracks 

the reference speed with high accuracy. In addition, it can protect the motor from overcurrent. 

Keywords Hybrid pumping system, Fuzzy–predictive control, Current ripples reduction, MPPT, Torque ripples reduction. 

 

1. Introduction 

Photovoltaic (PV) pumping technology is a great deal to 

the growth of advanced and developing economies. 

Photovoltaic water pumping systems (PVWPS)s are used in 

various applications such as agricultural irrigation, home use, 

industrial production, cleaning, and other applications [1]. A 

PVWPS may be categorized as a battery-less pumping system 

where the PV generator's power is fully converted into 

hydraulic power [2]. It can be classified into a pumping system 

based on a battery energy storage system (BESS), where the 

battery is connected to the DC–bus via a bidirectional DC-DC 

converter [3]. When the requirement arises, the BESS stores 

the excess energy. The stored energy can be used during the 

night or shading period to maintain the system operative all 

the time [4].  

      Most conventional maximum power point tracking 

(MPPT) algorithms are fixed step–size (SS) based. An 

adaptive SS improves the speed of power point tracking and 

minimizes high power fluctuations in steady–state. The 

conventional variable SS algorithm uses the term 

(N.(|ΔPpv/ΔVpv|)) as the incremented SS, where N is a constant 

multiplier, and ΔPpv/ΔVpv is the derivative of photovoltaic 

power Ppv with respect to the photovoltaic voltage Vpv [5]. 

Nevertheless, a constant multiplier cannot guarantee the fast-

tracking of the maximum power point (MPP) under enormous 

changes of insolation. In fact, the constant N is chosen only 

for particular irradiances. When the weather changes 
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significantly, the tacking speed becomes slower. In [6], the 

conventional variable SS algorithm was replaced by an 

improved one, which uses an auto-scaling multiplier to 

achieve a better dynamic. The Fuzzy logic controller (FLC) 

has been used in various works for auto-tuning the SS [7, 8]. 

In the FLC, the design of membership functions (MF)s is 

made by human expertise [9], which gives more fluidity for 

choosing the optimal SS. For instance, in [10], an FLC 

generates a variable SS voltage perturbation (ΔVpv) according 

to the absolute value of power slope |ΔPpv/ΔVpv|. In case of an 

abrupt change of irradiance, the current perturbation is 

preferred due to the proportional relationship between the PV 

current and incident sunlight [11]. For this reason, the current 

perturbation is employed in the present work. 

 Model predictive control (MPC) is an algorithm that uses 

the prediction model of the studied system to predict the next 

state of the variables to be controlled. The classical MPC for 

power converters calculates future tracking errors and builds 

a cost function with these errors. Afterwards, an iterative 

algorithm selects the best switching action that minimizes this 

function [12, 13]. However, the classical MPC algorithm does 

not ensure a fixed switching frequency operation. Variable 

switching frequency is not recommended for power converters 

because it makes the design of passive components difficult, 

increases the switching losses, and increases the total 

harmonic distortion [14, 15]. A predictive controller with a 

fixed switching frequency was suggested by [16] to control a 

boost converter's input voltage.  The prediction model of the 

boost converter was employed for building a cost function and 

synthesizing the optimal duty ratio. 

      The use of the bidirectional DC-DC converter (BDC) 

between the battery and the DC bus is investigated in [17, 18]. 

The main advantage of the BDC is the voltage of the battery 

can be reduced, and it can realize the bidirectional power flow 

by functioning either as a buck or boost converter. Some 

recent papers [19, 20], have proposed the use of a 

proportional-integral (PI) controller to drive the BDC. 

Nevertheless, the usage of this type of controller does not 

provide an excellent response when the BDC operates outside 

of its operating point [21]. For instance, in [4], simulation 

results showed the DC–bus voltage instability when the DC–

bus power suddenly changes. To overcome this issue, the 

authors of [22] have proposed an adaptive PI controller based 

on the Artificial Bee Colony Optimization algorithm. In [3], a 

robust integral sliding mode controller has been employed to 

control the BDC. Simulation results showed that the DC–link 

voltage response was improved compared to the PI controller. 

Still, the inductor current ripples are not attenuated. 

      Direct torque control (DTC) is commonly used to 

drive AC motors. The DTC with a two-level inverter uses a 

lookup table to select the appropriate switching vector (SV) 

from the eight available discrete vectors [5]. The SV is chosen 

so that the estimated torque and the stator flux amplitudes do 

not exceed hysteresis bands amplitudes. Recently, predictive 

torque control (PTC) has become a potential alternative to 

DTC [23]. In the traditional PTC, the discrete nonlinear model 

of the induction motor (IM) is used to predict the effect of the 

available SVs on the variables to be controlled. Afterwards, 

the optimal SV is selected by evaluating a cost function [13]. 

However, the real challenge for the PTC controller design is 

the choice of weighting factors. A poor choice of these factors 

can lead to significant torque ripples [24]. Besides, reducing 

those ripples requires a variable switching frequency. The 

limited number of SVs (SV0–SV7) in the two-level inverter 

(TLI) makes it unable to minimize torque ripples compared to 

multi-level inverters [25], except that this inverter is the most 

gainful in terms of cost and losses minimization. In the DTC 

and PTC methods the selected vector is applied during the 

entire control time Tcont, which increases the torque and flux 

ripples in the steady–state [26]. To decrease those ripples, the 

duty ratio control (DRC) approach is introduced in the 

literature. In the DRC, the selected SV is applied during a 

calculated period TON, and then a null vector (SV0 or SV7) is 

applied during the remainder of the control period (Tcont–TON) 

[27, 28]. 

      The determination of the SV is also a crucial step for 

the design of the IM controller. A poor choice of this vector 

may not lead the controlled variables to their reference values. 

In [29], the PTC has been used to select the optimal SV by 

minimizing the predicted torque and flux errors. Still, the SV's 

choice is strongly dependent on the nonlinear model of the 

motor, which cannot guarantee an excellent operation under 

the parametric variation [26]. To solve this problem, the fuzzy 

controller is used in this contribution to determine precisely 

the suitable SV. The FLC is an intelligent structure that offers 

the designer the possibility of adjusting the controller's 

response according to his needs. The main advantage of this 

controller in this application is not sensitive to parametric 

variation like the PTC. Its design does not depend on the 

mathematical model of the induction motor [5]. Another 

advantage of the FLC is that it can significantly reduce initial 

torque ripples compared to DTC [28]. 

      In the present work, hybrid fuzzy–predictive 

controllers are proposed to control a PV/battery water 

pumping system. The hybrid circuit shown in Fig. 1 has three 

stages. The first stage is a BDC which manages the exchange 

of energy between the DC-bus and the battery. The second 

stage is a boost converter (BC) which transmits the energy 

from the PV generator (PVG) to the DC-bus. The last stage is 

a TLI which feeds an IM. Each stage is controlled with a 

hybrid fuzzy–predictive controller.  In the second stage, the 

FLC's role is to generate a variable SS reference current for 

the MPPT. This current is regulated with an MPC controller 

based on pulse width modulation (MPC–PWM). For 

controlling the BDC, an FLC is designed to provide the 

reference battery current that regulates the DC–bus voltage. 

Furthermore, two controllers based on PWM are designed to 

regulate the battery current. For controlling the IM, the DRC 

method is used. In the developed DRC controller, an FLC is 

designed to select the best active SV to be applied during TON. 

The selected SV achieves an initial regulation of the flux and 

the torque. The obtained SV is then used to create several 

virtual vectors (VV)s which have different activation times. 

These vectors will all be evaluated by a predictive algorithm, 

the best one which reduces the predicted torque error will be 

applied during the control period.  
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Fig. 1. The various stages of the PV/battery hybrid pumping 

system 

  

2. Modelling of the Hybrid Pumping System 

2.1.  Modelling of the PV Array 

      A PV module is modelled by a photocurrent source in 

parallel with a diode (Dmodule) and a resistance (Rshunt). This 

model includes a resistance at the output terminal called series 

resistance (Rseries). A single PV module is modelled using the 

following equation [30]. 

( )

mod mod mod

mod mod

( ) /

exp ( ) / ( ) 1

ph series shunt

r series series

I I V R I R

I q V R I n aKT

= − + −

+ −  
                   (1)  

Where Iph is the photovoltaic current, Ir is the diode 

reverse leakage current, q is the charge of an electron, a is the 

ideality factor, K is Boltzman’s constant, T is the temperature 

of the module, Vmod is the module output voltage, Imod is the 

output current, nseries number of cells.  

2.2.  Modelling of the Boost Converter 

      The BC shown in Fig. 1 is commonly employed as the 

intermediate stage between the PV array and the DC–bus. This 

converter adjusts the PV voltage Vpv to track the MPP, and it 

increases the DC–link voltage Vdc according to the following 

formula [5]. 

1/ (1 )dc pv KV V D= −                                                        (2)                                                      

Where, DK1 is the duty ratio. In the continuous conduction 

mode, Eq. (3) expresses the dynamic of the BC in terms of the 

state of switch K1 (uK1 = 0 if it is open and uK1 = 1 if the switch 

is closed) [3]. 

1

1

( ) / ( / )

( ) / ( / )

dc L dc dc L dc K

L pv dc dc K

V I I C I C u

I V V L V L u


= − −


 = − +

                             (3)                                                                     

Where, Cdc and L are respectively the output capacitor and the 

inductance of the BC. Vpv and Vdc are respectively the input 

and the output voltages of the BC. Idc is the DC-bus current, IL 

is the inductor current. 

2.3.  Modelling of the Bidirectional Converter 

  The BDC shown in Fig. 1 is the most uncomplicated 

topology ensuring energy management between the high 

voltage side and the battery [20]. This converter operates in 

boost mode when the voltage Vdc needs to be increased. In this 

case, the average state space can be expressed similarly to Eq. 

(3).  

2

2

( ) / ( / )

( ) / ( / )

dc LBi dc dc LBi dc K

LBi Bat dc Bi dc Bi K

V I I C I C u

I V V L V L u


= − −


 = − +

                        (4)                                              

Where uK2 is the state of the switch K2, VBat is the battery 

voltage, IIBi is the inductor current, LBi is the inductance of the 

BDC. The BDC also works in the buck mode to store the 

energy in the battery. In this scenario, the switch K2 stays 

inactive, and K3 is operational. The average state–space 

model for the buck mode is given by Eq. (5).  

1 1 3

1 3

( / ) ( / )

( / ) ( / )

dc dc dc LBi dc K

LBi Bat Bi dc Bi K

V I C I C u

I V L V L u


= −


 = − +

                             (5)     

Where uK3 is the state of the switch K3, IIBi1 is the inductor 

current (IIBi1 = –IIBi). Idc1 is the DC–bus current  

(Idc1 = –Idc).                                         

2.4.  Modelling of the Asynchronous Motor 

 The best non–linear model that describes the IM's 

behavior is expressed in (α, β) reference frame. The matrix in 

Eq. (6) gives the relationship between the involved variables 

[29]. 
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(6)                                            

Where si , ri , s , r , and sv  are respectively: stator 

current vector, rotor current vector, stator flux vector, rotor 

flux vector, and stator voltage vector. Tp is the pump torque, 

Te is the electrical torque, J is the inertia factor, p is the number 

of pole pairs, fr is the friction coefficient, and Ωm is the rotor 

speed. M, Lr, Ls are respectively the mutual, the rotor, and the 

stator inductances. Rr, Rs are the rotor and the stator 

resistances.  j is the complex operator. Using Euler forward 

discretization and Eq. (6), the estimated stator and rotor fluxes 

are given by [26]: 

( )

( ) ( 1) ( 1) ( 1)

( ) ( / ) ( ) ( / ) ( )

ss s pr s s pr

sr r s r s

j j v j R i j

j L M j M L L M i j

 = − + − − −

 = + −

   

 

         (7)   
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Where τpr is the time of prediction. The estimated 

electromagnetic torque at the instant j is expressed as, 

*( ) 1.5 ( ) ( )e s sT j p m j i j

→ → 
=    

 
                        (8)    

The stator flux angle is defined by: 

arctan( ( ) / ( ))s ss m e =                                         (9)       

The predicted variables for current, stator flux, and 

electromagnetic torque are given in Eq. (10).  
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      (10)                     

Where, SV is the active switching vector. τr=Lr/Rr, Tr=M/Lr, 

σ=1–(M²/LsLr), Rσ=Rs+Tr
².Rr , and Tσ=σLs/Rσ. 

2.5.  Modelling of the pump 

      A centrifugal pump is a suitable choice for pumping 

applications. It is the best choice for a high flow rate, and it 

produces water even at the lowest values of irradiance. 

According to Eq. (11), the centrifugal pump develops a 

resistive torque Tp proportional to the square of the speed.  

2

p pump mT K=                                                               (11) 

Where Kpump is the pump proportionality constant [11]. 

3. Control Strategies 

3.1.  Maximum Power Point Tracking 

3.1.1. Presentation of the Conventional Current-based 

Perturb and Observe Algorithm 

        The use of a current perturbation in MPPT methods is 

preferred under rapidly changing climatic conditions. It 

provides fast monitoring of the MPP thanks to the 

proportionality between the irradiance and the photovoltaic 

current [11]. The current-based P&O algorithm is shown in 

Fig. 2. First, this algorithm measures the photovoltaic current 

Ipv and the photovoltaic voltage Vpv, then the differential 

values of power (ΔPpv=Ppv(j)–Ppv(j–1)) and current 

(ΔIpv=Ipv(j)–Ipv(j–1)) are calculated. Secondly, the signs of 

the variables ΔIpv and ΔPpv are studied to know the position of 

the operating point with respect to the MPP. The signs help to 

determine whether the PV current should be perturbed 

positively or negatively. If a positive perturbation increases 

the PV power, the forward perturbation is maintained until the 

MPP is reached. In contrast, if a positive perturbation leads to 

power reduction, a backward perturbation is needed. Finally, 

this algorithm produces at the output a fixed step-size noted: 

±ΔIstep, The produced reference current (Ipv(ref)) will serve as 

the input reference current for the boost converter. 
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Fig. 2.  Current-based P&O algorithm 

3.1.2.  Presentation of the Proposed MPPT Algorithm 

        The major drawback of the P&O algorithm is the slow 

dynamic of tracking during the sharp change of insolation, 

especially when a small current perturbation is selected. On 

the other side, a large current perturbation causes enormous 

power losses due to the continuous power fluctuation [11]. In 

this work, a Mamdani type FLC [8, 10, 31] will be employed 

to estimate the optimal SS, as shown in  

Fig. 3. Such a method autotune the SS according to the 

position of the operating point.  
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Fig. 3. The MPPT control scheme 

 

      When an abrupt variation of insolation occurs, the FLC 

generates a large perturbation to accelerate the tracking 

process. On the other hand, the FLC will enhance both the 

stability and the efficiency of tracking by selecting a small 

perturbation when the operating point is near the MPP. This 

fuzzy estimator considers the differential PV current ΔIpv and 
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the differential power ΔPpv as inputs. The signs of the inputs 

help to determine whether a positive (ΔIstep˃0) or negative 

(ΔIstep˂0) SS will be applied, as given on the traditional P&O 

flowchart [13]. The values of these inputs determine how far 

the operating point is from the MPP. The membership 

functions are designed according to signs and the values of 

input variables, as illustrated in Fig. 4. +, ++ and +++ signs 

indicate the degree of positivity of the fuzzy variables. The 

signs -, -- and --- indicate the degree of negativity of the fuzzy 

variables. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4. Membership functions, (a) input ΔPpv, (b) input ΔIpv, 

(c) output ΔIstep 

 

      For the generation of the variable SS, the fuzzy rules 

presented in the Appendix (Table 1) are designed in such a 

way as to guarantee the best dynamic of tracking. 

3.1.3. Control of the Input Current with MPC–PWM 

      The classical MPC applied to control the current Ipv 

evaluates a cost function defined by Eq. (12), then the best 

state of the switch K1 (uK1=0 or uK1=1) that minimizes this 

function is selected [13]. In that event, the switch may be 

triggered in each sampling time. That produces a variable 

switching frequency leading to excessive switching losses. 

Besides, the classical MPC might be the origin of huge current 

ripples [16]. The current ripples are not recommended for 

power converters since they increase power losses, especially 

when the inductor is connected to a non–linear source such as 

a photovoltaic generator [32]. For this reason, a model 

predictive control based on the PWM technique is used to 

overcome the traditional MPC limitations. In this technique, 

the current error is expressed with a second tracking error (Eq. 

(13)), which helps find the optimal duty cycle. Moreover, 

according to [16], minimizing this error helps to reduce the 

current ripples in steady–state conditions. Figure. 3 shows the 

control diagram of the MPC-PWM method. 

    1 ( ) ( )error pv ref LI I I j= −                                                 (12)         

( ) ( )
1 1

1 1 11 0
/ /

K K
error ON LBi OFF LBiu u

I T dI dt T dI dt
= =

= +       (13)  

Where the terms (dILBi/dt)uK1=1 and (dILBi/dt)uK1=0 indicate 

the variation of the current through the inductor during T1ON 

and T1OFF, respectively. T1=T1ON+T1OFF is the full period of 

the PWM. 

Replacing the state space equation (Eq. (3)) in Eq. (13), the 

current error becomes: 

1 1 1 1( )( ( ) / ) ( ( ) / )error ON dc pvI T T V j L T V j L= − +             (14) 

Substituting the current error (Eq. (14)) in its original 

expression (Eq. (12)), the duty ratio can be obtained as, 

( )

1

( ( ))( / )
( ) (1/ ( ))

( ) ( )

pv ref L l

K dc

dc pv

I I j L T
D j V j

V j V j

− 
=   + − 

          (15)   

3.2.  Control of the Bidirectional Converter 

      The BDC shown in  

Fig. 5 operates in two independent modes. While switch K3 is 

active (switch K2 is inactive), the BDC works in the buck 

mode, and the energy is transmitted from the DC-bus side to 

the storage unit. On the contrary, while switch K2 is active 

(K3 is inactive), the battery is discharged to compensate for 

the energy gap in the DC–bus [3, 20].  

      High current ripples are a real problem that decreases 

battery life [33]. The common ways to make the current 

ripples lower are: choosing a large value of the inductance or 

selecting a high switching frequency. The above solutions 

increase the inductor size, and the switching losses become 

higher. Thanks to the advancement of power electronics 

circuits, various topologies were proposed to minimize current 

ripples' amplitude. For instance, a three-phase interleaved 

bidirectional converter is investigated in [34], which aims to 

reduce current ripples from 32.5% to 8%. In this paper, the 

classical bidirectional buck-boost converter is adopted to 

maintain the DC-bus voltage at the desired range. The BDC 

converter has many advantages, such as better efficiency, 

lucidity in design, and fewer components compared to other 

topologies. The classical MPC controller cannot minimize the 

amplitude of current ripples, as mentioned previously. 

Therefore, the MPC based on PWM is applied to the BDC to 

suppress the undesirable peak of current.  

Fig. 5 shows the proposed controller that regulates the DC–

bus voltage.  In the proposed controller, a Takagi–Sugeno type 

FLC estimates the battery current required to keep the DC–

bus voltage close to its nominal value. Then, an inner loop 

regulates the battery current with the MPC based on PWM. 
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Fig. 5. Fuzzy–predictive controller for DC–bus voltage 

regulation 

 

3.2.1. Generation of the Reference Current 

      In the absence of losses, the current delivered or absorbed 

by the battery can be calculated with the following equation: 

( 1) ( . . ) /eb ref m pv pv BatI T V I V=  −                   (16)                                         

Fig. 5 shows that this equation (Eq. 16) gives an approximate 

value of the reference current. But it does not guarantee a 

perfect approximation due to the continuous variation of the 

system's total efficiency. Therefore, a Takagi-Sugeno (T-S) 

type FLC is chosen to adjust the value of the reference current. 

The T-S method is practical to work as an adaptive controller 

[35], so it is very suitable to manage the DC-bus power. The 

proposed FLC analyzes the sign of the voltage error 

(Edc(j)=Vdc(ref)–Vdc(j)). If the error is positive, the FLC provides 

a positive step–size (ΔIb˃0) to inject the current in the DC-

bus. On the contrary, the FLC generates a negative reference 

current (ΔIb˂0) to drive the current from the high-voltage side 

to the battery. The change of error (ΔEdc(j) = Edc(j) – Edc(j–1)) 

gives further information on the response of the system. It 

allows adjusting the amplitude of the step–size ΔIb. 

Consequently, the dynamic of tracking will be improved in all 

conditions. Fig. 6 shows the membership functions of the 

input variables, and it shows that there are seven constant 

membership functions for the incremented step-size.  

 

(a) 

 

(b) 

 

(c) 

Fig. 6. Membership functions, (a) input Edc, (b) input ΔEdc, 

(c) output ΔIb 

      For the DC–bus voltage regulation, the fuzzy rules 

presented in the Appendix (Table 2) are designed in such a 

way as to get the best steady-state performances. 

3.2.2. Regulation of the Battery Current with MPC–PWM 

      The MPC–PWM method is proposed in this work to 

control the inductor current during the discharging mode. The 

same procedure as in the previous section can be used to 

synthesize the duty ratio DK2.  

( ) 2

2

(| | ( ))( / )
( ) (1/ ( ))

( ) ( )

LBi ref LBi Bi

K dc

dc Bat

I I j L T
D j V j

V j V j

− 
=  

+ − 
    (17) 

Where T2 is the period of the PWM, ILBi(ref) is the reference 

current. 

     Similarly, the MPC-PWM can be applied to the buck 

converter during the charging phase. By analogy to Eq. (12), 

the original tracking error for the buck converter mode is 

defined by: 

3 ( ) 1|| | ( ) |error LBi ref LBiI I I j= −                            (18) 

Similar to the boost converter mode, the tracking error can be 

expressed in terms of the current slopes as, 

( ) ( )
3 3

3 3 1 3 11 0
/ /

K K
error ON LBi OFF LBiu u

I T dI dt T dI dt
= =

= +   (19)                   

Where (dILBi1/dt)uK3=1 and (dILBi1/dt)uK3=0 are the variation 

of the current through the inductor during T3ON and T3OFF, 

respectively. T3=T3ON+T3OFF is the full period of the PWM. 

Substituting with the dynamic of the buck converter (Eq. (5)), 

the Eq. (19) could be rewritten as, 
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3 3 3( ( ) / ) ( ( ) / )error dc Bi ON Bat BiI V j L T V j L T= −                 (20)                                         

Replacing the current error in its original form (Eq. (18)), the 

optimal duty ratio is given by. 

( )

3

1 3

(
( ) (1/ ( ))

( ))( / ) ( )

LBi ref

K dc

LBi Bi Bat

I
D j V j

I j L T V j

 
=  

− +  

    (21)    

3.3.  Duty Ratio Control of the Asynchronous Motor 

3.3.1.  Switching Vector Selection 

      For the duty ratio control technique, the SV is often 

selected from the DTC lookup table. The chosen SV is applied 

at the start of the control period to ensure an initial 

minimization of torque ripples [26]. To further improve the 

engine performances, a Mamdani-type FLC is used as an 

alternative to the conventional DTC. The designed FLC 

reduces both initial torque and flux ripples and improves the 

performances under transient conditions. Fig. 7(a), Fig. 7(b) 

and Fig. 7(c) show that the stator flux angle, the flux error (

( )| |r fs seE = −  
) and the torque error ( ( ) eT e ref

E T T= −

) are three variables involved in the fuzzification process. 

Triangular and trapezoidal membership functions are chosen 

to represent these variables due to their simplicity for 

implementation. The stator flux angle Ψs is represented with 

six triangular MFs, each MF defines a particular sector in the 

TLI vector diagram. Fig. 7(d) shows that there are eight 

possible switching vectors for the TLI, which are represented 

by singleton MFs. The Mean of Maximum technique (MOM) 

is employed for defuzzification [5, 28], where the crisp output 

is an SVn (n=0...7) which has the maximum membership 

value. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7. Membership functions, (a) input Ψs, (b) input Eφ, (c) 

input ETe, (d) switching action 

 

      For the generation of the SV, the fuzzy rules presented in 

the Appendix ( 

Table 3) are designed in such a way as to reduce the flux 

ripples effectively and to achieve an initial tuning of the 

torque. 

3.3.2.  Calculation of TON 

      In the classical DTC, the SV is chosen from the DTC table 

[5]. The selected vector should be applied during a full period 

Tcont; this may increase or decrease the torque abruptly. To 

suppress the undesirable ripples, the SV vector should be 

applied during a precalculated period TON, and a zero vector is 

injected along the rest of the period (TOFF=Tcont–TON). The 

zero vector causes a slight decrease of the electromagnetic 

torque [26]. Fig. 8 illustrates the DRC working principle. 

TON TOFF

Te(ref)

Non-null SV

Zero SV

Torque

(N.m)

Applied 

SV

Time (s)
Tcont

 

Fig. 8. The DRC working principle 

      The limited number of SVs in the TLI does not guarantee 

a perfect reduction of the torque ripples. To further minimize 

the torque ripples, the virtualization concept could be used by 

creating virtual vectors (VV)s. Fig. 9 shows that the VVs are 

synthesized from an SV given by the FLC stage. These vectors 

have the same direction but different lengths. Each VVk can 

be defined by [26]. 

( )

 

(1/ ) ( ) / SV   ;

  k 1,

NullkVV m SV m j m

m

→

= + −



                    (22)                                

Where m is the number of candidate virtual vectors. If the 

parameter m increases, the number of created vectors becomes 

large, and hence the magnitude of the torque ripples will be 

reduced. After defining the virtual vectors, the VVk vector 

which minimizes the cost function (Eq. (23)), will be applied 

during the active switching period.  

   ( ) (lim)( ) | ( 1) |ee ref sJ j T T j I= − + +                         (23)   
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The term Is(lim) is employed to protect the motor against 

overcurrent [29]. It takes a zero value when the predicted 

current is less than the maximal supported current  

(|Is(j+1)| ≤ Imax), and it takes an infinite value when the 

predicted current exceeds the maximum value   (|Is(j+1)| > 

Imax). 

  

     3 
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Fig. 9. DRC with a fuzzy–predictive controller 

 

4. Simulation Results and Analysis 

      The suggested control scheme is assessed through a 

simulation employing MATLAB/Simulink software. The 

main parameters of the PVG and the IM are given in the 

Appendix (Table 4). Various profiles of irradiances and 

reference speeds are applied to the system, as shown in Fig. 

10. Fig. 10(a) shows that the irradiance is decreased from 

1000W/m² to 50W/m². Simultaneously, the reference speed is 

increased from 82.5rad/s to 143rad/s. Then, it is decreased to 

128 rad/s, as shown in Fig. 10(b). The applied profiles allow 

the BESS to operate in all possible situations (Charging, 

discharging and Idle modes).  

      A comparison study is carried out within the same 

simulation conditions between the proposed control scheme 

and two control schemes presented in [3] and [4].  In [4], a 

perturb and observe algorithm based on the current 

perturbation is proposed for the MPPT. In this algorithm, a 

fuzzy inference system estimates the optimal value of the 

reference current Ipv(ref), which corresponds to the MPP. The 

PV current is regulated with a simple sliding mode controller. 

Besides, two PI controllers were designed to control the BDC. 

Finally, the input–output linearization controller was used to 

drive the motor–pump. The authors of [3] have proposed a 

non–linear control scheme to ensure a robust operation of the 

hybrid pumping system. For the MPPT, a P&O algorithm 

provides the reference PV voltage, and a double integral 

sliding surface was designed to regulate this voltage. For the 

control of the DC–bus voltage, a controller based integral 

sliding surfaces was designed to control the BDC. The control 

of the engine was carried out by the non–linear predictive 

control. The third control scheme to be compared consists of 

the traditional perturb and observe algorithm for the MPPT 

[13].  The BDC is controlled with a fuzzy–predictive 

controller without the PWM control. Finally, the AC stage is 

controlled with the conventional predictive torque control 

[13].  

 

(a) 

 

(b) 

Fig. 10. Simulation inputs, (a) irradiance, (b) reference speed 

 

       Fig. 11(a) illustrates that the traditional P&O algorithm 

with a fixed step size of 0.025A has shown the lowest tracking 

performances in terms of the convergence speed and power 

stability in steady-state. When starting the system, the 

conventional algorithm fails to capture the MPP on the first 

try. The fixed step size makes the P&O unable to pursue the 

dynamic of the insolation change correctly. When the MPP is 

almost close, the P&O continues to generate the incremented 

reference current with the same amplitude, which lets the 

reference current go far from its optimal value, producing an 

undesirable drop of power at t=0.14s. The second compared 

MPPT algorithm is the P&O algorithm based on a fixed 

voltage perturbation of 0.01V.  This algorithm tracks the MPP 

with the lowest speed compared to current–based perturbation 

algorithms. However, power fluctuations are significantly 
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reduced with this algorithm, as shown in the different zoom 

views. Since the MPPT controller presented in this paper and 

the other one given in [4] use a fuzzy inference engine to 

generate a variable reference step–size, then the tracking 

dynamic is practically similar for both of them. The unique 

advantage of the developed MPPT controller is that the power 

oscillations are further reduced in steady-state as depicted in 

the zoom views. The MPPT algorithms based on the FLC offer 

the best tracking speed during the system's start-up. It can be 

observed from the first zoom view that the settling time is 

short (t=0.07s) with FLC–based MPPTs compared to P&O 

presented in [3] (t=0.7) and to the conventional P&O (t=0.5s). 

Fig. 11(b) shows the behavior of the inductor current IL. The 

fuzzy–predictive controller based on the PWM presents the 

lowest current ripples, which positively influences the rate of 

ripples in the PV power curve. The SMC offers high stability, 

but the rate of current ripples is still high. The traditional P&O 

with a fixed SS has demonstrated high instability and huge 

current ripples in steady-state. 

 

 

(a) 

 

(b) 

Fig. 11. The MPPT performances (a) PV power, (b) the 

inductor current IL 

 

       Fig. 12(a) shows the behavior of the inductor current ILBi. 

It can be seen that the developed controller minimizes the 

current ripples significantly by having a ripple range of 0.35A 

to 0.78A. The controller based on the fuzzy–predictive control 

without the PWM control shows larger current ripples by 

having a ripple range of 0.45A to 1.1A. On the other hand, the 

other controllers showed strong current ripples, which can 

reduce the reliability of the battery.  

      Initially, the DC–bus voltage is regulated with two PI 

controllers, as presented in [4]. It can be noticed from  Fig. 

12(b) that the measured voltage reaches its reference within a 

short settling time of 0.21s However, it presents an overshoot 

of 0.91%, the amplitude of voltage oscillations is large (4.2V 

peak–to–peak), and the steady–state error increases by up to 

2.1V when the battery starts discharging. The DC-link voltage 

behavior is enhanced with the sliding mode controllers [3]. 

The overshoot is reduced to 0.55%, the peak–to–peak voltage 

amplitude is minimized to 1V, and the steady–state error is 

reduced to 0.5V. The proposed controller offers the best 

performances at the system start–up and in steady-state. The 

DC-link voltage reaches its reference smoothly with a null 

overshoot. In steady-state, the tracking error is practically null. 

The amplitude of voltage ripples is minimized to 0.47V peak–

to–peak, which guarantees perfect stability and proper 

operation of the IM. Fig. 12(c) shows the battery state of 

charge (SOC) characteristic. The SOC increases when the 

BDC switches drive the current from the high-voltage side to 

the battery. Otherwise, the SOC decreases when the BDC 

injects the current into the DC-bus. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 12. The BESS performances (a) the inductor current ILBi, 

(b) DC–link voltage, (c) the battery SOC 

 

      At the AC stage, the DRC is compared with three methods 

proposed in the literature, such as the conventional predictive 

torque control [13], the non–linear predictive control [3], and 

the input-output linearization control [4]. It can be seen from 

Fig. 13(a) that the controllers based on direct torque control 

offer the best torque dynamic and reduced ripples. This 
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enhances the stability of the IM and the vibrations will be 

minimized. The proposed DRC is the best in terms of ripples 

reduction. It minimizes the ripples level up to ±0.24N.m. The 

PTC showed an acceptable range of ripples, which varies from 

±0.5N.m to ±1.6N.m. In contrast, the other controllers have 

demonstrated high peaks of ripples. Furthermore, the PTC and 

the fuzzy–predictive controller can limit the intense increase 

of the torque during the engine's starting by limiting the 

reference torque with a saturation function. The torque is 

limited to 18N.m, which protects the motor from overcurrent 

and helps to start the motor smoothly.  

       Fig. 13(b) demonstrates that the methods based on direct 

torque control show the best accuracy of speed tracking and 

the lowest speed oscillations in steady-state. At the start–up, 

the non–linear controllers reach the reference speed 

(82.5rad/s) instantaneously due to the intense produced 

electromagnetic torque. The limitation of the reference torque 

at 18N.m for DTC methods delays the mechanical dynamics 

of the motor to reach the reference speed. 

       Fig. 13(c) shows the stator fluxes regulated by the PTC 

and the DRC. In the conventional PTC, the selected SV is 

applied to simultaneously reduce the errors of the torque and 

the stator flux. In the proposed controller, the FLC is designed 

to generate the optimal vector which minimizes the stator flux 

error and achieves initial torque regulation. Then, the 

predictive algorithm calculates the appropriate duty ratio 

which reduces the torque ripple. For these reasons, the steady-

state flux error is improved with the proposed controller, and 

the ripples rate is reduced by up to 0.01Wb peak-to-peak. In 

contrast, the flux controlled with the PTC presents large 

ripples by having a ripple rate of 0.021Wb peak-to-peak. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 13. The IM parameters (a) torque, (b) rotor speed, (c) 

stator flux 

 

5. Conclusion 

       This contribution deals with the design of fuzzy–

predictive controllers for a pumping system powered by a 

battery and a 4.5KW photovoltaic source, aiming to improve 

the PV power usage. The suggested controllers were 

compared with three control schemes proposed in the 

literature. Simulation results indicated the superiority of the 

suggested controllers at any stage of the system. They present 

the best performances in terms of: 

(1)  MPPT control: the proposed fuzzy-predictive MPPT 

controller showed the fastest tracking dynamic and the lowest 

fluctuations of the PV power. 

(2) Current ripples reduction: the predictive controllers based 

on PWM have reduced the current ripples for the BC and the 

BDC.  

(3) DC-bus voltage regulation: the fuzzy-predictive controller 

has demonstrated the minimum overshoot, a null steady-state 

error, and the voltage ripples were reduced up to 0.47V peak-

to-peak. 

(4) Torque and flux ripples minimization: the level of torque 

ripples was reduced up to ± 0.24N.m, and the flux ripples rate 

was reduced by up to 0.01Wb peak-to-peak.  

 

Appendix 

Table 1. FLC rules for the generation of a variable SS     

 

ΔPpv 

ΔIpv ---ΔPpv --ΔPpv -ΔPpv ZΔPpv +ΔPpv ++ΔPpv +++ΔPpv 

---ΔIpv +++ΔIstep +++ΔIstep ++ΔIstep -ΔIstep --ΔIstep ---ΔIstep ---ΔIstep 

--ΔIpv ++ΔIstep ++ΔIstep ++ΔIstep -ΔIstep --ΔIstep --ΔIstep ---ΔIstep 

-ΔIpv ++ΔIstep +ΔIstep +ΔIstep ZΔIstep -ΔIstep -ΔIstep --ΔIstep 

ZΔIpv ZΔIstep ZΔIstep ZΔIstep ZΔIstep -ΔIstep -ΔIstep -ΔIstep 

+ΔIpv --ΔIstep -ΔIstep -ΔIstep ZΔIstep +ΔIstep +ΔIstep ++ΔIstep 

++ΔIpv --ΔIstep -ΔIstep -ΔIstep ZΔIstep +ΔIstep +ΔIstep ++ΔIstep 

+++ΔIpv ---ΔIstep --ΔIstep --ΔIstep ZΔIstep ++ΔIstep ++ΔIstep +++ΔIstep 
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Table 2. FLC rules for the DC-bus voltage regulation 

 

Table 3 FLC rules for the generation of the SV 

Ψs  Ψ1 Ψ2 Ψ3 Ψ4 Ψ5 Ψ6 

Eφ ETe       

 

-Eφ 

-ETe SV5 SV6 SV1 SV2 SV3 SV4 

ZETe SV0 SV7 SV0 SV7 SV0 SV7 

+ETe SV3 SV4 SV5 SV6 SV1 SV2 

 

ZEφ 

-ETe SV0 SV0 SV0 SV0 SV0 SV0 

ZETe SV0 SV0 SV0 SV0 SV0 SV0 

+ETe SV3 SV4 SV4 SV5 SV6 SV2 

 

+Eφ 

-ETe SV6 SV1 SV2 SV3 SV4 SV5 

ZETe SV7 SV0 SV7 SV0 SV7 SV0 

+ETe SV2 SV3 SV4 SV5 SV6 SV1 

 

Table 4. The principal parameters of the hybrid pumping 

system 
 Parameter Value 

PV 

generator 

Optimal current (Imp) at STC 17.68A 

Optimal voltage (Vmp) at STC 255V 

Optimal Power (Pmp) at STC 4508.4W 

 

 

 

 

 

Induction 

Motor 

Rated Power (Pr) 2200W 

Rated Speed (Ωr) 150 rad/s 

Rated Frequency (f) 50Hz 

Rated Flux (s(ref)) 1Wb 

Reference DC-link voltage (Vdc(ref)) 550V 

Stator Resistance (Rs) 4.125Ω 

Rotor Resistance (Rr) 2.486Ω 

Stator Inductance (Ls) 0.3004H 

Rotor Inductance (Lr) 0.3004H 

Mutual Inductance (M) 0.2848H 

Number of pole pairs (p) 2 

Inertia (J) 0.031Kg.m² 

Viscous friction coefficient (fr) 0.0058N.m/(rad/s) 
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