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Abstract  

 This study presents an efficient solar photovoltaic (SPV)-powered water pumping system 

utilizing a Zeta converter-fed voltage source inverter (VSI) to drive a brushless DC (BLDC) 

motor-pump. The system eliminates phase current sensors and minimizes switching losses by 

employing fundamental frequency operation of the VSI.. A hysteresis voltage control strategy 

ensures stable performance across varying solar irradiance levels, including low-light 

conditions. The Zeta converter facilitates effective maximum power point tracking (MPPT), 

while sensorless speed control with soft start minimizes complexity and cost. Simulation and 

experimental results confirm reliable MPPT, low switching losses, and robust operation, 

making the design ideal for off-grid agricultural use. 

Keywords: SPV array, zeta converter, BLDC motor, water pumping, MPPT, hysteresis 

control, sensorless control, fundamental frequency switching. 

 

I. INTRODUCTION 

 Utilizing solar photovoltaic (SPV)-generated electrical energy for a variety of purposes is 

encouraged by the sharp decline in the cost of powering modern devices and the imminence of 

fossil fuels. These days, water pumping—a stand-alone use of power generated by SPV 

arrays—is gaining a lot of attention for industrial, residential, and field irrigation. The zeta 

converter together with a permanent-magnet brushless dc (BLDC) motor has not yet been 

thoroughly investigated to create such a system, despite the fact that numerous studies have 

been conducted in the field of SPV array-fed water pumps, integrating different dc–dc 

converters and motor drives. Nevertheless, some SPV-based applications have made use of the 

zeta converter [1]–[3].  

The zeta converter, which is a member of the buck-boost converter family, can be set to 

either raise or lower the output voltage. This characteristic provides an infinite range for an 
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SPV array's maximum power-point tracking (MPPT) [7]. If MPP falls within the specified 

bounds, the MPPT can be carried out using a straightforward buck [8] and boost [9] converter. 

Unlike a boost converter, which invariably raises the voltage level at its output without 

guaranteeing soft beginning, this feature also makes it easier for BLDC motors to start 

softly.The output current of the zeta converter is continuous, in contrast to that of a traditional 

buck-boost converter [10]. The output inductor eliminates ripples and maintains a constant 

current. In contrast to an inverting buck-boost and Cuk converter, the zeta converter functions 

as a non-inverting buck-boost converter, although having the same number of components as 

a Cuk converter [11]. This characteristic lowers the complexity and likelihood of slowing down 

the system response by eliminating the need for related circuits for negative voltage sensing 

[12]. The suggested SPV array-fed water pumping system benefits from these zeta converter 

advantages. The zeta converter is operated using the incremental conductance maximum power 

point tracking (INC-MPPT) method [8], [13]–[18] such that the SPV array always runs at its 

MPP. The design depicted in Fig. 3.1 serves as the foundation for the literature now available 

on SPV array-based BLDC motor-driven water pumps [19]–[22].  

The standard method for MPPT of an SPV array is a dc–dc converter. In order to regulate 

the BLDC motor, two phase currents are measured in addition to feedback from Hall signals, 

which raises the cost. The additional control scheme, which is necessary to regulate the speed 

of the BLDC motor, is more expensive and complex. Furthermore, high-frequency PWM 

pulses are typically used to run a voltage-source inverter (VSI), which raises switching loss 

and lowers efficiency. 

 

Fig 1:Conventional SPV-fed BLDC motor-driven water pumping system 

Even though a Z-source inverter (ZSI) has been used to increase efficiency and lower costs 

in place of a conventional DC–DC converter [22], its implementation still necessitates phase 

current and DC-link voltage detection, which raises control complexity and system costs 

overall. As shown in Fig. 2, a modified SPV-fed water pumping architecture is suggested as a 

solution to these issues. This setup uses a Zeta converter to control the speed of a BLDC motor 

connected to a water pump, enable soft starting, and carry out maximum power point tracking 

(MPPT).The Zeta converter guarantees high efficiency, lower component stress, and a broad 
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MPPT operating range thanks to its single switch and continuous conduction mode (CCM) 

operation.  

Additionally, the voltage source inverter (VSI) in the system uses fundamental frequency 

switching, which greatly reduces switching losses and boosts overall efficiency. Phase current 

and DC-link voltage sensors are removed, allowing for a more straightforward and economical 

design without sacrificing functionality. By varying the VSI's DC-link voltage, the BLDC 

motor's speed can be controlled without the use of further control systems. The MPPT 

algorithm's initialization process naturally achieves soft beginning.  

The Zeta converter and BLDC motor work together to create a small, effective, and affordable 

solar PV-based water pumping system. The system's dependable functioning under fluctuating 

solar irradiation is confirmed by MATLAB/Simulink simulation studies and experimental 

assessments, which show strong performance throughout startup, dynamic transitions, and 

steady-state settings. 

II. SYSTEM DESCRIPTION 

A. CONFIGURATION OF PROPOSED SYSTEMS 

The suggested solar photovoltaic (SPV) array-fed water pumping system, which uses a Zeta 

converter to power a brushless DC (BLDC) motor, is configured as shown in Fig 2. An SPV 

array, Zeta converter, voltage source inverter (VSI), BLDC motor, and centrifugal water pump 

make up the system in that order. An encoder is included inside the BLDC motor, and the Zeta 

converter's switching is controlled by a pulse generator. Section II.B provides a thorough, step-

by-step description of how the system works.  

B. OPERATION OF PROPOSEDSYSTEM 

The electrical power needed by the motor-pump system is provided by the SPV array. As 

shown in Fig. 2, this power is supplied to the motor-pump via a voltage source inverter (VSI) 

after a Zeta converter. Although the Zeta converter's power output should ideally match the 

input power provided by the SPV array, in practice, losses associated with the converter lead 

to a somewhat lower power transmission to the VSI [23]. A pulse generator that uses the 

incremental conductance maximum power point tracking (INC-MPPT) algorithm produces the 

switching pulses for the insulated gate bipolar transistor (IGBT) in the Zeta converter. This 

algorithm determines the ideal duty cycle to optimize power extraction by continually 

monitoring the voltage and current from the SPV array. The actual switching signals are 

generated by modulating the duty cycle against a high-frequency carrier waveform. This 

ensures maximum power point tracking and maximizes system efficiency. The BLDC motor, 

which is mechanically connected to the water pump, is powered by the voltage source inverter 

(VSI), which transforms the DC output from the Zeta converter into AC power. With data from 

its inbuilt encoder, the BLDC motor's electronic commutation makes it possible for the VSI to 

function via basic frequency switching. This method improves the overall efficiency of the 

suggested water pumping system by removing the high-frequency switching losses that are 

usually connected to pulse-width modulation.  
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Fig 2:Proposed SPV-zeta converter-fed BLDC motor drive for water pump 

III. DESIGN OF PROPOSEDSYSTEM 

The operational phases depicted in Figure 3.2 have been painstakingly planned to achieve an 

effective water pumping system that can function dependably in a variety of unpredictable 

circumstances. For the system design, a solar photovoltaic (SPV) array rated at 3.4 kW peak 

output under standard test conditions (STC) and a brushless DC (BLDC) motor with a rated 

power of 2.89 kW are chosen. The following sections provide the specific design specifications 

and factors for the water pump, Zeta converter, and SPV array. 

A. Design of SPV Array 

The SPV array is purposefully larger to provide dependable operation despite these 

inefficiencies, taking into account the inherent power losses in practical converters as well as 

the mechanical and electrical losses influencing the BLDC motor-pump system. In order to 

overcome the motor-pump's nominal power demand, an SPV array with a peak power capacity 

of 𝑃𝑚𝑝𝑝= 3.4 under standard test circumstances (STC: 1000 W/m² irradiance, 25°C temperature, 

AM 1.5) is chosen. The Solar World Sun module Plus SW 280 mono photovoltaic module [24] 

served as the model for the array design. Table 3.1 provides a summary of the electrical specs 

for the module. Using 𝑉𝑚𝑝𝑝 = 187.2 as the maximum power point under STC, the number of 

modules connected in series and parallel is calculated to reach the specified array voltage. 

B. Table 1: Specifications of Sun module plus SW 280 mono SPV Module 

The current of SPV array at MPP 𝐼𝑚𝑝𝑝 is estimated as 
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𝐼𝑚𝑝𝑝 = 𝑃𝑚𝑝𝑝/𝑉𝑚𝑝𝑝 = 3400/187.2 = 18.16𝐴 (1) 

The numbers of modules required to connect in series are as follows: 

                            𝑁𝑠 = 𝑉𝑚𝑝𝑝/𝑉𝑚 = 187.2/31.2 = 6  (2) 

The numbers of modules required to connect in parallel are as follows: 

                            𝑁𝑠 = 𝑉𝑚𝑝𝑝/𝑉𝑚 = 187.2/31.2 = 6  (3) 

 

                           𝑁𝑝 = 𝐼𝑚𝑝𝑝/𝐼𝑚 = 18.16/9.07 = 2   (4) 

 

Six photovoltaic modules are connected in series per string, with two of these strings set up 

in parallel, to meet the required electrical standards. An SPV array of the right size for the 

suggested system is produced by this configuration. 

C. Design of Zeta Converter 

The Zeta converter is the next step in the suggested system after the SPV array. Important 

parts of its design include the estimation of the intermediate capacitor (𝐶1), output inductor 

(𝐿2), and input inductor (𝐿1). In order to minimize electrical stress on the converter's 

electronics and improve overall reliability, these components are dimensioned to assure 

continuous conduction mode (CCM) operation. The duty cycle (D), the fundamental parameter 

for scaling the converter parts, is estimated at the start of the design process. The following 

formula is used to determine the initial duty cycle [6]: 

                           𝐷 =
𝑉𝑑𝑐

(𝑉𝑑𝑐+𝑉𝑚𝑝𝑝)
= 200/(200 + 187.2) = 0.52   (5) 

 

The average output voltage of the Zeta converter, which also acts as the DC link voltage for 

the VSI, is denoted here by Vdc. To guarantee optimum performance, this voltage is set to 

match the BLDC motor's rated DC voltage. 

An average current flowing through the dc link of the VSI 𝐼𝑑𝑐 is estimated as 

                          𝐼𝑑𝑐 =
𝑃𝑚𝑝𝑝

𝑉𝑑𝑐
=

3400

200
= 17𝐴 (6) 

 

Then, L1, L2, and C1 are estimated as     

     𝐿1 =
𝐷𝑉𝑚𝑝𝑝

𝐹𝑠𝑤𝛥𝐼𝐿1
=

0.52𝑋187.2

20000𝑋18.16𝑋0.06
= 4.5𝑥10−3   (7) 

 

                       𝐿2 =
(1−𝐷)𝑉𝐷𝐶

𝐹𝑠𝑤𝛥𝐼𝐿2
=

(1−0.52)𝑋200

20000𝑋17𝑋0.06
= 4.7𝑋10−3 (8) 

 

             𝐶1 =
𝐷𝐼𝑑𝑐

𝐹𝑠𝑤𝛥𝑉𝐶1
=

0.52𝑋17

20000𝑋200𝑋0.1
= 2210−6𝐹 (9) 

 

Here, 𝑓𝑠𝑤 represents the IGBT switch's switching frequency in the Zeta converter. The 

permissible ripple current in the input inductor 𝐿1 is denoted by 𝛥𝐼𝐿1. This current is assumed 

to be equal to the array current at maximum power point, or 𝐼𝐿1 = 𝐼𝑚𝑝𝑝. Similarly, the allowed 

ripple current in the output inductor  𝐿2is represented as 𝛥𝐼𝐿2, which is considered to be equal 

to the DC link current, 𝐼𝐿2 = 𝐼𝑑𝑐. The permissible ripple voltage across the intermediate 

capacitor 𝐶1 is indicated by 𝛥𝑉𝐶1, which is assumed to be equal to the DC link voltage, or 

𝑉𝐶1 = 𝑉𝑑𝑐. 
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D. Estimation of DC-Link Capacitor of VSI 

The voltage source inverter's (VSI) DC-link capacitor is estimated using a revolutionary 

design methodology. This method is based on the idea that the primary harmonic distortion in 

a three-phase supply system is the sixth harmonic component of the AC output voltage, which 

is strongly mirrored on the DC side [25]. As a result, the rated and minimum operating speeds 

of the BLDC motor needed for efficient water pumping are used to calculate the VSI's 

fundamental output frequencies. The corresponding capacitor values are then calculated using 

these frequencies. The bigger of the two anticipated capacitor values is chosen to provide 

dependable system functioning under a range of solar irradiance situations, especially at low 

irradiance levels. 

             𝜔𝑟𝑎𝑡𝑒𝑑 = 2𝜋
𝑁𝑟𝑎𝑡𝑒𝑑𝑃

120
= 2𝜋

3000𝑋6

120
= 942𝑟𝑎𝑑/𝑠 (10) 

 

The fundamental output frequency of the VSI corresponding to the minimum operating 

speed of the BLDC motor—necessary to sustain effective water pumping—is used as a critical 

parameter in the estimation of the minimum required DC-link capacitance. (N= 1100r/min) 

 𝜔𝑚𝑖𝑛 is estimated as 

             𝜔𝑚𝑖𝑛 = 2𝜋𝑓𝑚𝑖𝑛 = 2𝜋
𝑁𝑃

120
= 345.57𝑟𝑎𝑑/𝑠 (11) 

 

Here, 𝑓rated and 𝑓min represent the fundamental output frequencies of the VSI corresponding 

to the rated speed and the minimum speed of the BLDC motor required for effective water 

pumping, respectively, and are expressed in hertz (Hz). 𝑁rated denotes the rated speed of the 

BLDC motor in revolutions per minute (rpm), and PPP is the number of poles of the motor.   

The value of dc link capacitor of VSI at 𝜔𝑟𝑎𝑡𝑒𝑑 is as follows: 

             𝐶2,𝑟𝑎𝑡𝑒𝑑 =
𝐼𝑑𝑐

6𝑋𝜔𝑚𝑖𝑛𝑋𝛥𝑉𝑑𝑐
=

17

6𝑋942𝑋200𝑋0.1
= 150.4𝜇𝐹 (12) 

 

Similarly, a value of dc link capacitor of VSI at 𝜔𝑚𝑖𝑛 is as follows: 

             𝐶2,𝑚𝑖𝑛 =
𝐼𝑑𝑐

6𝑋𝜔𝑚𝑖𝑛𝑋𝛥𝑉𝑑𝑐
=

17

6𝑋345.57𝑋200𝑋0.1
= 410𝜇𝐹 (13) 

 

Where ΔVdc is an amount of permitted ripple in voltage across dc-link capacitor C2. 

Finally, C2= 410µF is selected to design the dc-link capacitor. 

E. Design of Water Pump 

To determine the proportionality constant K for the selected water pump, its power–speed 
characteristic is utilized, as described in references, and is expressed as: 

             𝐾 =
𝑃

𝜔𝑟
3 =

2.89𝑋10−3

2𝜋𝑋3000/603 = 9.32𝑋10−5 (14) 

 
In this case, \omega_r is the rated mechanical angular speed of the rotor, which is equivalent 

to 3000 revolutions per minute (rpm), expressed in radians per second, and P=2.89 kWP = 2.89 
indicates the rated mechanical power provided by the BLDC motor. A water pump that satisfies 
these requirements is chosen to be incorporated into the suggested system. 
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Table 2: Switching States for Electronic Commutation of BLDC Motor 

 

IV. CONTROL OF PROPOSED SYSTEM 

The proposed system is controlled in two stages. These two control techniques, viz., MPPT 

and electronic commutation, are discussed as follows. 

A. INC-MPPT Algorithm 

To maximize power extraction from the SPV array and allow for soft starting of the BLDC 

motor, an effective and popular incremental conductance (INC) maximum power point 

tracking (MPPT) technique is used [8], [13]. This technique allows for variations in the 

converter's duty cycle or the SPV array voltage. The complexity of the system is increased 

when the array voltage is perturbed since a proportional-integral (PI) controller is usually 

required to calculate the correct duty cycle [8]. In the current work, a direct duty cycle control 

technique is used to prevent this. The INC-MPPT algorithm uses the slope of the 𝑃𝑝𝑣 −

  𝑝𝑣 characteristic curve to identify the proper perturbation direction.  

. The principle is as follows: the slope is zero at the maximum power point (MPP), 

positive to the left of the MPP, and negative to the right of the MPP, i.e., 

                 (15) 

Since 

 

(16) 

Therefore, (3.14) is rewritten as 
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     (17) 

As shown in Fig. 3, the controller detects the direction of duty cycle perturbation by 

comparing the relationship between incremental conductance and instantaneous conductance, 

and then modifies the duty cycle accordingly. For instance, the duty cycle is gradually raised 

by a predetermined step size when operating to the right of the MPP until the perturbation 

direction reverses. Although the perturbation should ideally stop when it reaches the MPP, in 

real-world situations, the operating point fluctuates around the MPP. The tracking time to reach 

the MPP is extended when the perturbation step size is decreased, while oscillations are 

reduced. In order to meet the dual goals of effective MPPT and smooth soft starting of the 

BLDC motor, a careful trade-off between tracking speed and perturbation magnitude is made.  

The duty cycle is set to zero to enable gentle beginning, and an ideal perturbation step size 

of ΔD=0.001\Delta D = 0.001ΔD=0.001 is used to minimize oscillations and guarantee fast 

tracking performance. 

B. Electronic Commutation of BLDC Motor 

A voltage source inverter (VSI) that uses electronic commutation controls the BLDC motor. 

With electronic commutation, decoder logic is used to successively change the motor winding 

currents based on the rotor position. For a 120° conduction interval, this method 

symmetrically aligns the DC input current in the center of each phase voltage. Three Hall-

effect sensor signals, which are obtained from the motor's integrated encoder and correspond 

to the rotor position, can be combined to create six switching pulses. Every unique 

combination of Hall signals, separated by 60° intervals, corresponds to a particular range of 

rotor positions [5, 6].  

V. RESULTS & DISCUSSION 

 The Simulink diagram shown in Fig 3 depicts the schematic of the suggested system, a solar 

PV-fed BLDC motor-driven water pumping system. It is powered by PWM produced by the 

MPPT control method and is fed by solar PV and a DC-DC converter. A three-phase inverter is 

linked to the DC-DC converter's output. Additionally, this three-phase inverter feeds a BLDC 

motor. In order to pump water, the pump is coupled to a BLDC motor. and the BLDC Simulink 

model is used to simulate it by providing mechanical torque as an input. The suggested SPV 

array-based zeta converter-fed BLDC motor drive for water pump's starting and steady-state 

performances are shown in Fig. 4. 

http://www.jnxtgentech.com/


  
 Journal of Next Generation Technology (ISSN: 2583-021X) 

Vol. 5, Issue 3, May 2025 

 

www.JNxtGenTech.com    76 
 

 

Fig 3: Simulation circuit Conventional SPV-fed BLDC motor-driven water pumping system 

Figure 4(a) illustrates the voltage, current, and power waveforms of the solar PV array 

variables. Figure 4(b) presents the Zeta converter variables, including voltages and currents 

across the inductors and capacitor, as well as input and output parameters. Figure 4(c) depicts 

the BLDC motor-pump variables, such as stator and rotor currents, input voltage, load torque, 

and motor speed. 

Figure 5 depicts the Simulink model of the conventional SPV-fed BLDC motor-driven 

water pumping system incorporating a speed controller. Figure 6 illustrates the starting and 

steady-state performance characteristics of the proposed SPV array-based, zeta converter-fed 

BLDC motor-pump system utilizing a hysteresis voltage controller. 

 

 

 (a)  
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(b) 

 

 (c)  

Fig 4:Starting and steady-state performances of the proposed SPV array based zeta 

converter- fed BLDC motor drive for water pump. (a) SPV array variables. (b) Zeta 

converter variables. (c) BLDC motor-pump variables 

http://www.jnxtgentech.com/


  
 Journal of Next Generation Technology (ISSN: 2583-021X) 

Vol. 5, Issue 3, May 2025 

 

www.JNxtGenTech.com    78 
 

 

Fig 5: simulation circuit Conventional SPV-fed BLDC motor-driven water pumping system 

with speed controller 

 

Fig 6: Starting and steady-state performances of the proposed SPV array based zeta 

converter- fed BLDC motor-pump variables with hysteresis voltage controller 

VI. CONCLUSION 

A zeta converter-fed VSI and a BLDC motor are used in a proposed solar photovoltaic 

(SPV) array-driven water pumping system, and extensive simulation has shown how effective 

it is. The system's performance was evaluated in starting, dynamic, and steady-state scenarios 

after it was painstakingly built and modelled to meet important operational goals. The 

assessment validates the beneficial combination of the BLDC motor and zeta converter for 

SPV-based water pumping applications. The VSI's fundamental frequency switching, which 

drastically lowers switching losses, the BLDC motor's smooth soft-starting, and the SPV 

array's effective maximum power point tracking are among the key functionalities attained. 

Furthermore, the method reduces cost and system complexity by removing the need for phase 

current and DC-link voltage sensors and enabling BLDC motor speed control without the need 

for auxiliary controllers. Even in situations with low solar irradiation, the suggested setup, 

which was managed by a hysteresis voltage method, showed strong performance. 
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