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Abstract: The water pumping system (WPS) utilized in this research is 

powered by a photovoltaic (PV) system and is regulated by an inverter 

that is equipped with a TS-Fuzzy controller. To enhance the power 

extraction from the PV system when faced with partial shading 

conditions (PSCs), a Modified Invasive Weed Optimization (MIWO) 

technique is incorporated into the Perturb and Observes (P&O) 

algorithm. The conventional P&O algorithm faces difficulties in 

harnessing the full potential of the PV system when confronted with 

partial shading scenarios, primarily because of the presence of 

numerous maximum points. In such instances, optimization methods 

can be employed to locate the global maximum point. The MIWO-

based P&O algorithm proposed will modify the reference voltage 

according to the prevailing weather conditions in order to guarantee 

optimal operation of the PV system at the Maximum Power Point 

(MPP). The PV-based WPS is designed to cater to both irrigation and 

domestic water supply needs. In this study, a sensorless vector control-

based induction motor is utilized to drive the pump. The primary goal 

of this study is to showcase the efficiency of a PV-based WPS without 

the necessity of battery storage. The TS-Fuzzy controller guarantees 

smooth motor operation during transient periods. The efficacy of the 

proposed approach is confirmed through MATLAB/Simulink 

simulations as well as Hardware – in the – Loop and real-time data is 

also used, taking into account various water pumping scenarios and 

the fluctuating solar irradiance levels during rapid climate changes.  

Keywords –MPPT, Modified Invasive Weed Optimization (MIWO), 

Photovoltaic (PV) System, Water Pumping System. 
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1. INTRODUCTION 

WPSs are essential for the discharge of water in our daily lives. However, they consume a 

substantial amount of electrical energy. With the increasing focus on environmental issues 

and the necessity to decrease CO2 emissions, there is a growing interest in renewable 

energy sources. Photovoltaic (PV) cells are among the most promising devices as they 

provide an eco-friendly solution to generate electricity from sunlight. One practical 

application of PV systems is in WPS for irrigation and domestic purposes. These systems 

are particularly favoured in regions where grid access is limited or costly [1-3]. 

Various approaches to PV-based WPSs have been suggested in previous studies. While 

some have utilized Brushless DC (BLDC) motors, these are not suitable for agricultural 

purposes due to their high cost and maintenance requirements. Other studies have focused 

on the use of Permanent-Magnet Synchronous Motors (PMSM) powered by single-stage 

PV systems, with an emphasis on optimizing the operation of the inverter. Furthermore, the 

performance of reluctance motors under partially shaded conditions has been examined for 

WPSs. Induction motors have also been considered for pumping, and efforts have been 

made to develop systems with battery storage for residential applications. However, it is 

important to note that implementing such systems in single-phase residential areas can 

incur higher costs and necessitate additional maintenance due to the presence of batteries. 

An efficient solution is vital to ensure that the PV generator operates at its highest power 

point (MPP), resulting in a highly effective system [4-14]. This can be accomplished by 

utilizing a Maximum Power Point Tracker (MPPT) converter with an efficient 

methodology. MPPT plays a vital role in PV systems as it effectively lowers the overall 

cost of the array by minimizing the required number of solar panels to attain the desired 

power output. The power output of PV systems typically fluctuates due to weather 

conditions, which is why battery integration is necessary for flexible operation. However, 

integrating batteries increases the overall system cost and requires regular replacement and 

maintenance [2]. An alternative approach is to operate the system without energy storage, 

meaning without a battery. In this research, we examine a PV-based WPS without a battery 

and propose an effective control strategy to operate the system under various conditions. 

MPPT can be accomplished by controlling either the PV voltage or the dc-link voltage, 

particularly at the voltage corresponding to the maximum power point (MPP) as 

determined by the perturb and observe (P&O) methodology. However, the conventional 

P&O algorithm is unable to accurately track the MPP under PSC of the PV system due to 

the presence of multiple local maximum points of power. Hence, it is imperative to 

ascertain the global maximum point in order to derive the utmost power output from the PV 

system. This can be accomplished by integrating evolutionary optimization techniques [15-

16] into the conventional P&O algorithm. The Invasive Weed Optimization (IWO) 

algorithm is a method that takes cues from the behavior of colonizing weeds, showcasing 

improved robustness, adaptability, and randomness akin to those of colonizing weeds [17]. 

The IWO algorithm conducts a search based on exceptional individuals within the 

population group and offers the following advantages [17-18]. 

1. The IWO algorithm possesses the capability to generate fresh weeds from all existing 

weeds. Weeds that exhibit the highest fitness value have the potential to produce a 

larger quantity of weeds in close proximity to their parent weed. Consequently, this 

attribute significantly improves the convergence of the IWO algorithm. 
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2. The search space is characterized by a normal distribution, which determines the 

distribution of the new weeds. By generating random numbers through this 

distribution, it is ensured that no two weeds can occupy the same position without 

mating. This distinctive attribute of IWO enables a comprehensive exploration of the 

entire search space. 

The aforementioned characteristics enable IWO to efficiently search for the global 

maximum even in situations of PSC in PV systems. The integration of P&O with IWO 

algorithms offers a viable solution. This paper presents the implementation of an integrated 

algorithm, combining MIWO with P&O, to extract the maximum power from PV systems 

under PSCs. The MIWO-based P&O algorithm proposed modifies the reference voltage in 

order to enhance the operation of the PV system at the peak power point, considering the 

prevailing weather conditions. Typically, submersible pumps are utilized in WPSs, 

resulting in the motor being located at significant depths. Consequently, accurately sensing 

the motor's speed becomes challenging and not advisable. In order to tackle this problem, 

the paper examines the use of a sensorless vector control-based induction motor for 

operating the pump. 

2. WATER PUMPING SYSTEM 

The WPS operated by PV is commonly used in distributed energy generation systems 

[2, 11-13]. Numerous experimental dc motor driven PV pumps are currently being utilized 

globally; however, they encounter maintenance challenges because of the commutator and 

brushes. As a result, an Induction Motor (IM) based pumping system presents itself as an 

attractive option, providing reliability and maintenance-free operations. To drive the IM 

from the PV system, an inverter is necessary. Furthermore, it is necessary to have a DC to 

DC circuit in order to optimize power extraction from the photovoltaic system. To mitigate 

the impact of weather conditions [2, 20] on the WPS, an energy storage device such as a 

battery is necessary. However, the inclusion of an extra dc/dc circuit and battery can 

increase the overall system cost [2, 21]. These challenges can be addressed by 

implementing a proper controller for the inverter, eliminating the need for a dc/dc converter 

and battery. The proposed controller can function as an MPPT converter for the PV system, 

ensuring maximum power extraction without the requirement of an additional dc/dc 

converter. Furthermore, the proposed inverter control can maintain power balance between 

PV generation and load (i.e., power consumed by the IM), eliminating the need for a 

battery to maintain power equilibrium between generation and load. 

Submersible pumps are commonly utilized in PV-based WPS for medium head 

applications [22]. These pumps are fully submerged underwater, including the motor. 

Consequently, detecting the speed using a speed sensor becomes challenging and costly 

due to the motor-pump being underwater. Hence, this study focuses on implementing 

sensorless speed control of an induction motor (IM) for PV-based WPS. 

Several researchers have previously presented a PV-based WPS that is similar to the one 

described. In their work [2], the authors proposed a WPS that does not include energy 

storage or a dc/dc converter. However, they did not take into account the PSC on the PV 

system. Conversely, the WPS outlined in [11] utilizes solar panels and a battery for 

operation. Interestingly, in [2, 11-13], the authors did not consider the PSC and also did not 

apply optimization techniques. Additionally, the authors utilized a speed sensor to measure 

the speed of the IM. The system under consideration is depicted in Figure 1. 
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Fig. 1: PV base WPS without energy storage. 

 
3. SYSTEM DISCRIPTION 

a) PV System 

Figure 2(a) illustrates the diagram of a PV cell. The PV array consists of numerous PV 

cells that are interconnected in both series and parallel arrangements. Figure 2(b) depicts 

the PV array under PSCs. The current-voltage characteristic function [11-13] describes the 

behavior of the PV array. 
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In accordance with the P-V characteristics of a PV system, the maximum power can be 

generated at a specific voltage known as the voltage at maximum power point (VMPP). 

Figure 3 (a) depicts the P-V characteristics at various levels of irradiance, assuming a 

uniform irradiance. On the other hand, Figure 3 (b) illustrates the P-V characteristics under 

different PSC, with the corresponding PSC values listed in Table-1. Among the various 

algorithms proposed in the literature, the P&O algorithm is the most widely used technique 

for maximum power point tracking (MPPT) [1-2, 11-15, 23-24]. 

The direction for additional perturbation is determined by the P & O algorithm 

according to the sign of the power change. To ensure that the output voltage aligns with its 

reference, a feedback control loop is implemented. The voltage at which the maximum 

power point (MPP) is achieved is determined using the following equation. 

)1(sign)( 







 iV

dV

dP
ViV mpp

PV

PV
mpp      (2) 

where, ‘i’ is the iteration and V  is steep voltage. 

Nevertheless, the conventional P&O algorithm proves inadequate in accurately tracking 

the optimal point under PSCs due to the presence of numerous local maximum power 

points, as depicted in Figure 3(b). Hence, the utilization of the MIWO technique enables 

the efficient detection and monitoring of the highest global point of power among all the 

existing maximum power points. 
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Fig. 2: PV (a) cell (b) array under partial shading. 

Table 1: Patrons of irradiances (Fig. 2(b)). 

Pattern PV string. 

1 [Uniform]: Fig. 3(a); Module: 1-22= 200.0 to1000W/m2. 

2 [PSC-1]: Fig. 3(b); Module: 1–2=1000W/m2; 3–8=810W/m2; 9–18=605W/m2;19–

22=406W/m2. 

3 [PSC-2]: Fig. 3(b); Module: 1=998W/m2; 2–5=800W/m2; 6–12=590W/m2; 13–

22=400W/m2. 
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Fig. 3: P-V characteristics (a). Uniform solar irradiance, (b). Under partial shading. 
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b) Motor-Pump set 

The effectiveness of the submersible pump is determined by its head-flow rate curve 

while in operation at the specified speed. The speed of the impeller directly affects the flow 

rate, whereas the head is proportional to the square of the speed. Furthermore, the hydraulic 

power increases in direct proportion to the cube of the velocity. These curves precisely 

showcase the pump's performance at high speeds, but their accuracy may vary at lower 

speeds or when utilized with a constant head. At very low speeds, the pump's pressure 

output is lower than the static pressure, causing the water to circulate within the pump 

without being delivered. Therefore, a minimum speed or threshold speed is necessary to 

ensure water delivery. It is important to note that excessively high motor speeds can lead to 

damage in both the motor and pipes due to increased pressure. To prevent this, a proposed 

controller has been designed to operate the motor within permissible limits. The controller 

will automatically stop the motor if its speed falls below the lower limit by disabling the 

pulses to the inverter. Upon reaching a certain speed limit or initial value, the pump will 

commence the water delivery process, and the flow rate (Q, liter/min) will change 

proportionally with the speed (ω) [13], as indicated in equation (3). 

tt QbaQ   ,0and,           (3) 

4. IWO ALGORITHM 

The innovative weed optimization method, developed by Mehrabian and Lucas in 2006 

[25], presents a distinct strategy for optimization that is inspired by the colonization 

behavior of weeds. Over the past ten years, it has garnered significant interest from 

researchers. Its remarkable attributes, such as reproduction, spatial dispersal, and 

competitive exclusion, set it apart from other cutting-edge evolutionary algorithms. As a 

result, it has found applications in various fields of Engineering and Sciences. The IWO 

process encompasses the following steps: 

Step-1: Version 1: The search space is randomly populated with a finite number of 

individuals during the initialization phase. 

Step-2: Reproduction: Every weed in the population is granted the opportunity to generate 

new weeds after entering a flourishing tree. The quantity of fresh weeds produced by a 

potential weed is determined by its relative highest and lowest levels of fitness. It is linearly 

decreases from an allowable maximum weeds ( maxS ) to minimum weeds ( mimS ) with 

maxS  for the best candidate weed, mimS  for the worst participated weed in the population. 

fitfit

fitwfitSwfitfitS
wn ii

i
minmax

)min)(())((max
)( minmax




  (4) 

Step-3: The distribution of the newly generated weeds across the search space follows a 

normal distribution. The mean of the parent weed position is used as the center of this 

distribution, while the standard deviation varies and is defined as. 

 
 

min

max

max
minmax  




mi

mi

gen
gen

gengen
        (5) 

The standard deviation (SD) at the current generation is denoted as ( gen ), while ( max ) 

and ( min ) represent the maximum and minimum standard deviations, respectively. These 

values are predefined parameters. maxgen  signifies the maximum number of generations. 

The nonlinear modulation index is represented by (NM) and the need for generated seeds to 

be close to the parent weed is emphasized. 
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Step-4: Competitive Exclusion: In the absence of offspring, a plant would face extinction, 

whereas if it does produce offspring, it has the potential to dominate the world. This 

phenomenon is observed in certain weed species in the field, where competition occurs to 

regulate the weed population. When the combined number of parent weeds and newly 

generated weeds surpasses the maximum limit ( maxW ), the weeds with the lowest fitness 

value are systematically eliminated from the population until it reaches maxW . 

Step-5: Termination Condition: 

1) The current iteration is equivalent to the maximum number of iterations. 

2) The maximum number of fitness evaluations has been reached by the above process 

(Steps 1-4). 

3)  )()( * xfxf  If any of the conditions mentioned above (Steps 1-4) are met, the 

process will be halted. The user defines the small tolerance value, while the best solution 

obtained by the present method is compared to the best known optimal solution. 

The IWO algorithm commonly utilizes the Gauss function. During the reproduction 

phase of the IWO algorithm, offspring are produced by overlaying the Gaussian 

distribution of random variables onto the parent individual. To achieve optimal 

reproductive performance, it has been observed that the Cauchy distribution function yields 

better results compared to the Gauss distribution [17, 26]. Figure 5 illustrates the 

probability density functions of the Cauchy and Gauss distributions, as per their definitions 

[17, 26]. 

 
 

Fig. 5: Cauchy and Gauss function [17, 26]. 

According to Figure 5, it is evident that the Cauchy distribution is smaller in size 

compared to the Gaussian distribution when looking at the vertical axis. Moreover, when 

the Cauchy distribution is in close proximity to the horizontal axis, it becomes wider in the 

horizontal direction. Consequently, the Gaussian distribution function has a greater 

likelihood of generating minor perturbations rather than significant disturbances [17]. 

Conversely, the Cauchy distribution function possesses a lesser capacity for perturbations 

compared to the Gaussian function, but it is more effective in generating substantial 

disturbances. Moreover, it is evident from Figure 5 that the Cauchy mutation has a 

tendency to produce offspring that are farther from their parent in comparison to the 

Gaussian mutation, mainly because of its elongated tails. It can be inferred from this 

observation that the Cauchy distribution has a higher tendency to escape a local optimum or 

move away from a plateau, especially when the "basin of attraction" of the local optimum 

or plateau is significantly larger than the average steepness [26]. Consequently, the Cauchy 
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distribution is more effective in preserving population diversity and enhancing the global 

optimization and dependability of the algorithm. As a result, the IWO algorithm utilizes the 

Cauchy distribution function rather than the Gaussian distribution function, leading to the 

creation of the Modified IWO (MIWO) algorithm. Since weather conditions tend to change 

rapidly, the MIWO algorithm is implemented in this paper. 

The Cauchy density function, which is centered at the origin, is defined by [26]. 




 x
xt

t
xf ,

1
)(

22
                                      (6) 

The distribution function [26] corresponds to a scale parameter t > 0. 











t

x
xF arctan

1

2

1
)(


              (7) 

The MIWO algorithm generates maxW  seeds around the parent seed, following the same 

principle, maxW  voltage points are generated around the previous voltage value. 

Additionally, the P&O algorithm is utilized to generate a new voltage value. As a result, 

maxW  new calculated PV currents can be obtained from maxW  voltage values. 

Consequently, maxW  power points can be calculated, leading to the optimization of max

PVP . 

This process continues until the search space is fully explored. The new value of voltage 

can be obtained through this iterative process. 

maxW,....,1,  imVV igen

i
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i

new            (8) 

where, i  is a Cauchy random variable and 


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Figure 6 displays the flowchart of the proposed system.  
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Fig. 6: Flowchart of proposed system. 
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5. CONTROL OF VOLTAGE AND INDUCTION MOTOR SPEED 

A) Control of voltage at dc-link: 

The power imbalance between generation and load can result in changes in certain 

factors. The power generated by a photovoltaic (PV) system is dependent on the mppV  

(maximum power point voltage). In the case of an induction motor (IM) with a constant 

head (water depth), the torque remains constant. As a result, the power consumed by the IM 

(load power) is solely dependent on the motor's speed. The reference dc-link voltage, 

achieved through the MIWO plus P&O algorithm ( mppV ), is compared to dcV . The 

resulting error is then fed into a PI controller. The reference speed (required speed) of the 

IM is determined by the output of the PI controller. This signal serves as the input for the 

sensorless vector control block, as depicted in Figure 7. A limiter is employed to restrict the 

reference speed generated by the PI controller, as shown in Figure 7. This ensures that the 

speed of the IM remains within acceptable limits. If dcV  exceeds mppV , it indicates that 

there is excess power available on the generation side. Consequently, the controller (PI) 

must increase the reference speed signal. To achieve this, negative gains are necessary for 

the PI controller, or alternatively, the error should be multiplied by a gain of '-1'. In this 

study, the ITSE [27] method is utilized to tune the gains of the PI controller. 

B) TS-Fuzzy Controller 

The TS-fuzzy controller, due to its variable linguistic rule consequent and infinite gain 

variation characteristics, is capable of effectively addressing complex control problems. 

The stability of the power system is improved and the monitoring of system uncertainties is 

effectively carried out during changes in weather conditions and variations in load [34-35]. 

Furthermore, it has been noted that the TS-fuzzy controller offers a superior control 

solution for nonlinear control issues and system uncertainties across different operating 

conditions when compared to the PI-controller [34-35]. Therefore, in order to enhance the 

dynamic performance of the system, the study utilizes the TS-fuzzy based controller. 

Figure 7 illustrates a model of the TS-Fuzzy system. 
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Fig. 7: MFs for: (a). error signal (xi) and (b). Derivative of error signal (xi’). 

The discrepancies in current/voltage error (xi) & its derivative (xi') signal serve as the 

input variables for the fuzzy control system in order to design the TS-fuzzy controller(s), as 

illustrated in Figures 5 and 8. The input voltage/current error and its derivative signals are 

transformed into fuzzy values using two linguistic memberships (MFs) values; P for 

positive and N for negative, as shown in Figure 7. The MFs for the two input linguistic 

variables; P and N for xi and xi' signals are represented by equations (5) and (6) 

respectively. 
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The simplified four fuzzy rules represent the TS-fuzzy controller: 

  Rule-1: If xi(κ) is N and xi’(κ) is N, # Z1=a1xi’(κ) + a2 xi’(κ). 

  Rule-2: If xi(κ) is N and xi’(κ) is P, # Z2= b1Z1. 

  Rule-3: If xi(κ) is P and xi’(κ) is N, # Z3= b2Z1. 

  Rule-4: If xi(κ) is P and xi’(κ) is P, # Z4= b3Z1. 

The subsequent of the TS-fuzzy controller is represented by Z1-4 in the aforementioned 

rules. The k
th

 sampling instant is denoted by k. The fuzzy constants, namely a1-2, b1-3, are 

listed in the Appendix. Additionally, the proportional (Kp) and integral (Ki) parameters of 

the PI-controller are provided in the Appendix. The design of the PI-controllers' 

coefficients is based on the integral-square-error (ISE) performance criteria, as stated in 

[35]. 

The TS-fuzzy controller produces the output (Y) by utilizing the generalized defuzzifier, 

which is assessed in the following manner: 
 

 4321

44332211

ZZZZ

ZYZYZYZY
Y






                            (7) 

The dynamic adaptation of the value of 'Y' through the implementation of a fuzzy-based 

controller enhances the stability of the power system during system events or 

contingencies. 

 

C) Sensoreless speed control of Induction motor: 

In general, the control of an induction motor (IM) can be working based on various 

methods such as 
f

v
control, indirect field oriented control (IFOC), or vector control and 

slip control [2, 28-36]. The slip and IFOC control techniques ensure the decoupling 

between the controllers of torque and flux. Among these controllers, IFOC is a simple and 

suitable option for WPSs [2, 12-13]. As previously mentioned, sensorless control has 

advantages in submersible WPSs, and in this paper, sensorless vector control is 

implemented. The block diagram in Figure 8 illustrates the sensorless speed control of the 

IM. In sensorless speed control, accurate speed estimation is crucial and can be achieved 

through mathematical expressions [28, 34-36]. Estimating speed requires the input voltage 

and currents of the IM. As a result, both voltage and current sensors are essential. In 

addition, a pair of present sensors is sufficient for detecting the currents of the three phases. 

Furthermore, the input voltages can be obtained through the phase voltage reconstruction 

block depicted in Figure 8. The output of the inverter, which serves as the input of the IM, 

depends on both dcV  the modulation index and the pulses generated by the PWM 

generator. Consequently, the inverter voltages can be obtained using mathematical 

expressions [36]. Consequently, there is no need for physical voltage sensors to detect the 

input voltage of the IM, leading to a more economical system. 

 

(5) 

(6) 
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Fig. 8: Proposed control for PV based WPS. 
 

Speed can be estimated by following equations [28, 34-36]:  

   s

dm

s

dslss

s

ds

s

ds
dt

d
i

dt

d
LRiv         (9) 

    s

dsss

s

dr

r

ms

ds iSLR
dt

d

L

L
v          (10) 

where, 
sr

m

LL

L2

1  

    s

dsss

m

rs

ds

m

rs

dr iSLR
L

L
v

L

L

dt

d
         (11) 

Similarly 

    s

qsss

m

rs

qs

m

rs

qr iSLR
L

L
v

L

L

dt

d
         (12) 

  s

dr

r

s

qrr

s

ds

r

ms

dr
T

i
T

L

dt

d


1
         (13) 

  s

qr

r

s

drr

s

qs

r

ms

qr
T

i
T

L

dt

d


1
         (14) 

where, 
r

r
r

R

L
T   

Moreover, angle of rotor will be obtained by following equation. 














 

s

dr

s

qr

e



 1tan               (15) 

Hence, rotor speed is calculated by below equation, 

 




















s

ds

s

qr

s

qs

s

dr

r

ms

dr

s

qr

s

qr

s

dr

r

er

ii
T

L

dt

d

dt

d

dt

d






2

1
(16) 

Slip speed can be estimated by below equation,  
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 

 dssdsr

qssr

slip
iLT

iLST











1
            (17) 

Hence, 

rslip                 (18) 

The complete block diagram of speed estimation with the help of equation from (9) to (18) 

is shown in Fig. 9.  

s

dsv m

r

L

L


s

qsv

m

r

L

L


r

m

T

L


r

s

qsi

s

dsi

slip



s

dr

s

qr
2

r

s

qsi

s

dsi

SLR ss 

SLR ss 

 
Fig. 9: Speed estimation block. 

Estimated speed ( ) will be compared to reference speed (
* ) which is generated by 

dc-link voltage control. The error will be given to PI controller. PI controller generates 

reference quadrature axis current (
*
qi ). Reference current of direct axis ( *

di ) can be 

obtained from reference flux. Reference voltages of quadrature and direct axis (
** and dq vv ) 

are estimated through PI controllers by comparing corresponding axis currents to its 

references as shown in Fig. 7. Pulses for inverter are generated from PWM generator with 

the help of reference voltages ( *
abcv ) as shown in Fig. 7. 

6. SIMULATION and HIL RESULTS AND DISCUSSIONS 

Simulation results were conducted using MATLAB/Simulink. Typically, WPSs utilize 

3-phase induction motors with a capacity rating ranging from 0.5 hp to 30.0hp, depending 

on the head and maximum water discharge [37]. However, in many parts of India, 5 hp 

motors are employed for WPS in irrigation systems [38]. For this particular study, a 5.0hp 

induction motor was chosen with a head of 25 m and a maximum water discharge of 300 

lit/min. The PV array for the 5 hp motor was rated at 4.7kW, consisting of 22 solar modules 

connected in series. Detailed parameters for the PV module, induction motor, and MIWO 

can be found in the Appendix. Once obtained the simulation model, the model is dumped 

into OPAL-RT model by using below process to establish a Hardware – in the – Loop 

(HIL). 

Real-time simulators (RTSs) modules have the ability to efficiently run complex 

systems in real-time by rapidly solving power system equations. This allows it to 

continuously generate output conditions that accurately represent the conditions in the 

actual network [1]. The RTS technology has gained widespread acceptance as an excellent 

tool for designing, developing, and testing of various power system control schemes. In 

order to implement the HIL setup, researchers have utilized two RTS modules developed 

by OPAL-RT technologies. Unit-1 houses the full plant model, whereas unit-2 houses the 

recommended control method. Both units are equipped with analog and digital cards to 
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make a loop by interconnecting them. The control unit will receive the analog signals from 

the plant, while digital signals are sent from the control to the plant. Extensive results are 

extracted through another computer for the examination of results under various operating 

conditions. The configuration of the HIL setup using two OPAL RT-OP5700 modules can 

be seen in Figure 10. Furthermore, the outcomes are presented in the subsequent case 

studies. 

Digital to 
analog

Plant

Control

H
o

st
 s

y
st

em

1st OPAL RT

2nd OPAL RT

Analog to 
digital

Rear side of 
OPAL RT

Results

 

Fig. 10: HIL architecture. 

Case-1: MPPT under change in irradiance 

The irradiance level changes from 1000W/m2 to 900W/m2 at t mppV =2 sec. The MPPT 

algorithm successfully tracks the proper mppV  to achieve maximum power. The proposed 

controller operates at mppV , ensuring that the system operates at its maximum possible 

power. The corresponding responses are illustrated in Figure 11. Figure 11(a) displays the 

change in irradiance and the corresponding mppV  generated by the proposed MPPT 

algorithm, as shown in Figure 11(b). Nevertheless, the reduction in irradiance may lead to a 

temporary drop in the dc-link voltage, as illustrated in Figure 11(c). Consequently, the 

MPPT algorithm momentarily increases the reference voltage, as shown in Figure 11(b) 

after t=2 sec. Once the dc-link voltage starts to increase, the MPPT algorithm attempts to 

reduce the reference voltage through voltage steps, following Equation (2). The input to the 

dc-link controller is provided by this reference voltage, while the inverter controller, as 

shown in Figure 11(c), regulates dcV  at mppV . Figure 10(d) illustrates the associated power. 

By observing Figure 11(d), it is evident that the power produced by the PV system aligns 

with its reference power. Consequently, the inverter acts as an MPPT converter, removing 

the necessity for an extra dc/dc converter to optimize power extraction from the PV system. 

With the decrease in power output from the PV system, the suggested controller diminishes 

the reference speed signal produced by the dc-link voltage controller, leading to a reduction 

in the speed of the IM. 

Case-2: MPPT under partial shading 

In most cases, PV arrays do not receive uniform irradiance. Consequently, partial 

shading leads to the formation of numerous local maximum power points. The MIWO 

based MPPT algorithm proposed guarantees the attainment of the correct ' mppV ' value, 

aligning with the worldwide maximum power. This feature enables the system to function 

at the peak power point even when faced with partial shading circumstances. Conversely, 

the traditional P&O algorithm can solely capture the voltage linked to the initial local 
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minimum, situated near the current voltage point. Therefore, the combination of the P&O 

algorithm and the MIWO algorithm has the potential to significantly improve efficiency 

and extract additional power from the PV system in various scenarios.  
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Fig. 11: (a) Change in irradiance, (b) mppV , (c) dcV  (d) Powers. 

At the 6-second mark, the presence of partial shading is now being recognized. The PV 

power corresponding to this is depicted in Figure 12. Upon examination of the information 

presented in Figure 12, it is evident that the power produced by the PV system aligns with 
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the maximum potential power, even when partial shading is present. Hence, the proposed 

controller possesses the ability to extract the highest possible power from the PV system. 
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Fig. 12: PV power under partial shading. 

 

Case-3: Under normal operation 

In this case, results are obtained when uniform irradiance distributed over PV system 

under experimental validations. Real time parameters which listed in Appendix are 

considered in this section. Hence, there is no change in current and Voltage generated by 

PV system. Therefore, PV system produces constant power. Corresponding PVI , PVV  and 

PVP  are shown in Fig. 13. For this available irradiance, mppV  is tracked as 136.5V by 

controller, hence, controller operates dc-link voltage at 136.5V as shown in Fig. 13(b). 

Correspondingly PV generates 680W as shown in Fig. 13(c).  

Case-4: Under partial shading condition 

In this scenario, a uniform irradiance is initially taken into account, and then partial 

shading is introduced. The resulting power is depicted in Figure 14. The power output of 

the photovoltaic (PV) system decreases when partial shading occurs. However, the 

controller continuously monitors and adjusts to maximize the available power from the PV 

system. Prior to the partial shading, the PV system generates approximately 960W, but 

after the shading is introduced, it stabilizes at around 740W. 
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Fig. 14: PV power. 

 

7. CONCLUSSIONS 

This document introduces a WPS based on photovoltaic technology that utilizes an IM 

without the need for energy storage. It incorporates sensorless vector control and an 

integrated MPPT algorithm. The proposed system provides a cost-effective alternative to 

systems that require energy storage, speed sensors, and AC voltage sensors. By employing 

an innovative inverter control technique, the power balance between the PV array and the 

load is maintained by regulating the speed of the IM to keep the dc-link voltage constant at 

its reference value (V*dc) within acceptable limits. The integrated MPPT algorithm, in 
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conjunction with the MPPT-inverter controller, ensures that the PV system operates at peak 

power levels even under conditions of partial shading, eliminating the necessity for an 

additional dc/dc converter. The controller's performance has been validated using real-time 

data, as detailed in this paper. The suggested unified controller solely requires 

measurements of the dc-link voltage, dc current, and load currents, thereby eliminating the 

requirement to monitor the IM speed and AC bus voltages. Various scenarios are explored 

based on fluctuations in solar irradiance and partial shading. Simulation results with real-

time data confirm that the controllers perform satisfactorily under varying irradiance and 

partial shading conditions. 

APPENDIX 

Parameters of PV module 

Simulation [40] 

Maximum power (Ppvmax) 215.0W 

Voc 36.9V 

Isc 8.01A 

Voltage at Ppvmax (Vmpp) 30.3V 

Current at Ppvmax (Impp) 7.10A 

Number of modules connected in series (N) 22 

Real time data [41] 

Module Type TP280 

Ppvmax 280.0W 

Voc 44.0V 

Isc 8.28A 

Vmpp 36.2V 

Impp 7.73A 

Efficiency 14.10% 

Power tolerance [-0 & +4.5] 

N 4 

Parameters of IM 

Simulation [42] 

Power 5hp 

Voltage 415 V 

Stator current 7.9 A 

Number of poles 4  

Stator resistance 1.9 ohm 

Stator inductance 0.1542 H 

Real time data [43] 

Type of motor KI100L 

Power 3hp 

Rated voltage 415 V 

Rated current 4.7 A 

Number of poles 4 

Rated speed 1430 rpm 

Parameters of P&O and MIWO 

Step change in voltage ( V ) 0.5 

Maximum number of seeds ( maxW ) 7 
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