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Implementing photovoltaic (PV) systems as direct power sources for motors without batteries 

is a complex process that requires a sophisticated control mechanism. The crucial aspect of PV 

systems is the Maximum Power Point Tracking (MPPT) process, which ensures that the 

installed PV system generates optimal energy output. A recent study has analyzed research 

related to PV systems supplying power to pump motors, and the results have successfully 

classified these systems into two main models: the two-stage and the single-stage. The two-

stage model involves separate power tracking and load consumption control processes, while 

the single-stage model integrates power tracking and load consumption control into a single 

process. A comparative analysis of these two models has revealed that the two-stage model 

exhibits higher stability due to the separate power tracking and load consumption control 

processes. Aspects such as the MPPT process, motor power consumption, and the utilization of 

DC-link capacitors were examined in this study. The findings of this comparative study 

contribute valuable insights into the effectiveness and stability of two-stage and single-stage 

models in PV systems supplying power to motors without batteries. The results will 

significantly interest researchers and practitioners working in Photovoltaic systems and motor 

control, providing helpful information for designing and implementing more efficient and 

reliable PV systems.  
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INTRODUCTION 

Photovoltaic (PV) power's successful integration relies on 

showcasing economic superiority over fossil fuel electricity. A 

promising approach is the direct use of PV systems to power 

pump motors without batteries. It primarily benefits agricultural 

irrigation with its synchronous energy demand and PV 

availability [1]. This adaptable system is also applicable to water 

supply companies managing reservoirs [2], dynamically 

adjusting pumping operations based on the feasibility of PV 

power production. This streamlined utilization underscores the 

efficiency and potential of PV systems in diverse settings. 

 

The electrical power generated by PV systems can drive electric 

motors for various industrial applications. However, a notable 

challenge with PV lies in its reliance on fluctuating sunlight. 

Consequently, the power output of PV systems also fluctuates. 

Therefore, PV systems for driving pump motors are well-suited 

for variable speed applications[3]. 

 

Directly driving motors using PV systems necessitates creative 

design and solutions to address challenges stemming from 

varying and limited power, aiming to maximize both the energy 

produced by PV and the volume of pumped water. Within these 

PV systems, induction motors serving as pump drivers exhibit 

superior performance compared to others due to their 

productivity, reliability, low maintenance requirements, and cost-

effectiveness [4]. 

 

The most significant potential for utilizing this PV system lies 

within power generation companies. This system involves storing 

electrical energy in the form of water within reservoirs. 

Subsequently, when needed, this water is utilized to drive power 

generator turbines, ensuring energy reliability without using 

batteries. In this setup, solar-derived electricity is stored as 

mechanical energy in water held in a higher-positioned reservoir 

[5]. 

 

The cost of PV plants is exceedingly high. Therefore, once these 

plants are installed, the primary focus shifts to continuously 

harnessing peak power from the installed PV systems[6]. 

Developing pump systems powered directly by PV necessitates 

the utilization of MPPT (Maximum Power Point Tracking) 

algorithms to operate under varying irradiation levels and extract 

the maximum power from the PV systems[7][8][9]. 

https://jnte.ft.unand.ac.id/
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This paper undertakes a comprehensive comparative analysis of 

existing research focused on photovoltaic (PV) systems serving 

as direct pump drivers for induction motors, eliminating the need 

for batteries. The study effectively classifies these PV systems 

into two distinct model types: the two-stage and single-stage 

models. The classification is based on the power transformation 

processes from PV to the motor load. The outcomes of this 

analytical investigation, succinctly presented in tabular form, 

offer a detailed comparative assessment of these diverse models. 

 

The discussion in this paper is structured around elucidating the 

concept of a PV-driven pump system, classifying models, 

explaining the two-stage model, describing the single-stage 

model, and comparing the two models based on MPPT 

algorithms. Additionally, the discussion encompasses a 

comparison of motor controls, a comparison of DC-link 

capacitors, and an analysis of the comparative study. It concludes 

with a summary. 

PV SYSTEMS SUPPLYING MOTOR LOAD 

Several studies discuss models of PV systems supplying 

induction motor loads commonly used as pump drivers [10]. PV 

systems generate the electrical energy source. The PV system 

must be connected to an electrical load to generate energy. In this 

context, the induction motor for pump driving serves as the 

electrical load. The electrical energy generated by PV systems is 

not constant but rather determined by the intensity of sunlight and 

the connected electrical load. The maximum power from the PV 

systems at each sunlight intensity level is attained by regulating 

the power consumption of the motor load. A Voltage Source 

Inverter (VSI) is employed to control the motor's power 

consumption [11]. 

 

Considering that the electrical load can be adjusted, PV 

manufacturers can calculate the maximum power points for each 

sunlight level applied to the PV system. In practical 

implementation, tracking the maximum power points generated 

by the PV at different sunlight levels requires the use of an 

electrical load [12]. A convenient method for laboratory 

requirements in this tracking process involves using a variable 

resistor (rheostat) [13]. Utilizing a rheostat can adjust the 

magnitude of the power-consuming load. The rheostat's 

resistance value will be varied to track the maximum power, as 

illustrated in Figure 1. 

 
Figure 1. The Concept of Maximum Power Tracking Circuit 

Using a Variable Resistor [13] 

 

The analogy concept using a rheostat for tracking maximum 

power production by PV can illustrate a PV system directly 

driving a pump motor. In this system without using batteries, the 

power tracking process is executed through the motor load. The 

motor load consumes electrical power as required to ensure the 

PV produces power at its maximum point. To enable this electric 

motor to consume adjustable electrical power, a system block 

capable of regulating the power consumed by the motor is 

necessary. The concept of this system involves power tracking 

and regulation of power consumption for the pump motor load. 

 

Since the pump characteristics are centrifugal, the power 

consumed is directly proportional to the pump speed. The power 

consumed by the motor can be controlled by varying the voltage 

and frequency of the motor [14]. Variations in V/f (voltage-to-

frequency ratio) will determine speed differences and impact 

power consumption by the motor [15]. The determination of 

motor speed will be based on load torque and PV output 

voltage[3]. The torque graph in a parabolic form concerning 

voltage and power, considering PV power production, is 

illustrated in Figure 2. 

 

 
Figure 2. Parabolic Torque Graph Concerning Voltage and 

Electrical Power  [3]  

CLASSIFICATION OF PV SYSTEMS 

SUPPLYING MOTOR LOAD 

The classification of models from various studies related to PV 

systems powering pump motors has been conducted directly in 

this analytical study. This study categorizes models into two 

types. The first type is the two-stage model, where the power 

tracking process and consumption regulation of the motor load 

are carried out separately. The second type is the single-stage 

model, where the power tracking process and power consumption 

regulation to the load are integrated into a single unit. 

Two-Stage Model Of Pv System Supplying Pump Motor 

The two-stage model of the PV system supplying the pump motor 

is generally depicted in Figure 3. It's termed as a two-stage PV 

model because the power production tracking by the PV system 

and the power consumption regulation by the load are handled by 

two distinct functional modules. The converter module functions 

to track the power produced by the PV through the application of 

MPPT algorithms [9]. Meanwhile, the inverter module regulates 

the power consumption to the motor load based on input from the 

converter.  

 

Several studies have been conducted on this two-stage model with 

the aim of enhancing the maximum power that the load can 

utilize. Study [3] regulates the induction module, which consists 

of two power conditioning units, namely the DC-DC boost 
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converter and the three-phase voltage source inverter. The power 

tracking process is carried out using the Boost converter, while 

vector control is employed to provide effective motor speed. A 

BLDC motor is utilized as the load in study [16]. The use of a 

high-gain DC-DC boost converter is implemented as a substitute 

for the conventional converter to increase voltage gain [17].  

 

PI control is employed to regulate the DC link voltage and motor 

speed [18]. Field-oriented control strategy is utilized to govern 

the motor speed [19]. Batteries are added in parallel with the DC 

link as additional storage [20]. MPPT is controlled using the P&O 

algorithm to supply power to the inverter [21]. An LC filter is 

added after the inverter to facilitate motor control [22]. The 

implementation of a neuro-fuzzy controller (ANFIS) is applied in 

the MPPT process [23]. Predictive torque and flux control (PTC) 

are used to control the motor [24]. Motor control is carried out 

with space vector pulse width modulation [25]. 

 

In this model, the operation is carried out by integrating an 

inverter into the DC-DC converter with a separate control scheme 

for the inverter. The inverter provides the desired frequency and 

voltage to the load, while the DC-link serves as the available DC 

for the inverter module. To achieve enhanced dynamic 

performance, the required DC-link voltage is maintained through 

a voltage controller. In fluctuating irradiance conditions, the 

output current from the PV is determined by the DC-link voltage. 

Therefore, based on the PV output current, the load current also 

varies. 

 
Figure 3. Two-Stage model of the PV system supplying the 

pump motor  [26]   

 

The general operational components of this model consist of PV, 

the Converter Block, DC-Link Capacitor, Inverter Block, and the 

motor load driving the pump, as depicted in Figure 3. The PV 

serves as the power generator, while the Converter is controlled 

by the MPPT algorithm control system to generate power at its 

maximum point. The DC-Link Capacitor functions to stabilize 

voltage changes in the converter's output, enhancing the system's 

robustness, reliability, and stability. A three-phase voltage source 

inverter (VSI) is utilized to supply power to the motor load [27]. 

The types of control for this VSI include Scalar Control (v/f 

control), Vector Control, and Direct Torque Control (DTC) [28]. 

The function of the Converter Block in the Two-Stage 

Model 

In this two-stage model, maximum power tracking is performed 

in the converter block. The maximum power produced by the PV 

for each irradiance level must be tracked. Failure to track this can 

result in the PV user not harnessing the maximum energy from 

the utilized PV. The MPPT controller, containing the MPPT 

algorithm [29][30], will govern the converter in the maximum 

power tracking process. What is controlled here is the output 

voltage of the converter. The discussion on maximum power 

tracking in this two-stage model is detailed in the research [26].   

 

The characteristics of the relationship between power and PV 

voltage are illustrated in Figure 4 [31]. In each condition, the 

operating point depends on the impedance of the load connected 

to the PV [32][33]. A DC-DC converter is utilized to track the 

operating point on the PV curve [34]. There are numerous 

algorithms in the literature for maximum power point tracking. 

The most basic one is Perturb and Observe [35], where step 

changes are applied to the reference voltage or duty ratio of the 

converter, and the output voltage is monitored [36]. However, it 

faces some issues during changes in irradiance. The Incremental 

Conductance (IC) method works more effectively during 

dynamic changes in irradiance[37]. 

 

 
Figure 4. Two-Stage model of the PV system supplying the 

pump motor [26] 

 

On the right side of the MPP, the slope is negative, while on the 

left side, the slope is positive. At the point where the PV transfers 

the maximum power, the slope is zero. With changes in 

irradiance, at the MPP, 𝐼𝑃𝑉 changes drastically, while 𝑉𝑃𝑉 

remains almost constant. Considering a power equation and 

differentiating it with respect to voltage, the relationship between 

an IC and conductance for different parts of the curve is obtained 

as follows. 

 

𝑃𝑃𝑉 = 𝑉𝑃𝑉 × 𝐼𝑃𝑉     (1) 

 
𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
= 𝐼𝑃𝑉 + 𝑉𝑃𝑉 ∗

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
= 0    (2) 

 
𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
= −

𝐼𝑃𝑉

𝑉𝑃𝑉
     (3) 

 

On the right side of the MPP, the slope is negative, indicating that 

an increase in voltage at the converter results in a decrease in the 

output power from the PV. 

 
dIPV

dVPV
< −

IPV

VPV
     (4) 

 

And on the left side, the slope is positive, signifying that an 

increase in voltage at the converter results in an increase in the 

output power from the solar panel. 
dIPV

dVPV
> −

IPV

VPV
     (5) 
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At the MPP, the slope is zero, meaning that changes in the 

increase in voltage at the converter do not alter the power 

generated by the solar panel. 

 
dIPV

dVPV
= −

IPV

VPV
     (6) 

 

The maximum power tracking algorithm is illustrated in Figure 

5. In this algorithmic process, the duty ratio of the converter 

output is increased based on the power tracking obtained from 

current and voltage sensor readings from the solar panel. 

 
Figure 5. MPPT Algorithm to control the converter output in the 

two-stage model [38]. 

The function of the Inverter Block in the Two-Stage 

Model 

The inverter block in this two-stage model operates 

independently of the MPPT control. This inverter uses the voltage 

on the DC-link as a reference voltage to determine the power 

supply to the motor. The block diagram illustrating the speed 

command as a function of motor speed variation concerning 

changes in PV output power is depicted in Figure 6  [18]. The 

inverter control employs the V/f method. The V/f control 

algorithm generates logic switching for the VSI using SPWM 

(Sinusoidal Pulse Width Modulation). If the voltage on the DC-

link capacitor is higher than the controller's reference value, the 

controller increases the reference speed given to the V/f control, 

and vice versa. 

 

In the study [17], it is mentioned that the relationship between 

load torque and motor speed is nonlinear. The motor load torque 

is proportional to the motor speed. Hence, the fundamental 

formula is as follows  [3].  

 

𝑇𝐿 = 𝑚𝑙𝜔1
2     (7) 

 

Where 𝑇𝐿 is the load torque, 𝑚𝑙 is the load constant, 𝜔1 is the 

motor speed. 

 

 
Figure 6. Control system on the inverter to regulate motor power 

consumption [18]  

 

The power consumed by the motor corresponds to the output 

power from the solar panel, given by the following equation. 

 

𝜂𝑃𝑚𝑝 = 𝑇𝐿𝜔1     (8) 

 

Where η is the efficiency of the power conversion system, 𝑃𝑚𝑝 is 

the maximum power produced by the solar panel. By substituting 

the equations above, the equation is obtained,  

 

𝜂𝑃𝑚𝑝 = 𝑚𝑙𝜔1
3     (9) 

𝜔1 = √𝑃𝑚𝑝/𝑚𝑛
3      (10) 

 

Where 𝑚𝑛 = (𝑚1/𝜂). Furthermore, the speed based on the DC-

link voltage conditions (𝜔1) varies depending on voltage 

variations. However, the variation has a range of 0.7 to 0.9 times 

the open-circuit voltage only for MPP tracking. Voltage error can 

be measured from the DC-link and reference voltage as [26], [27].  

 

𝑉𝑑𝐼(𝑘) = 𝑉𝑑𝑟(𝑘) − 𝑉𝑑(𝑘)    (11) 

 

Where 𝑉𝑑𝐼 is the DC-link voltage, 𝑉𝑑𝑟 is the DC reference 

voltage, and 𝑉𝑑  is the measured voltage. The speed (𝜔2) for the 

DC-link voltage error is as follows:  

 

𝜔2(𝑘) = 𝜔2(𝑘 − 1) + 𝐾𝑝𝑑[𝑉𝑑𝑙(𝑘) − 𝑉𝑑𝑙(𝑘 − 1)] + 𝐾𝑝𝑖𝑉𝑑𝑙(𝑘)

      (12) 

 

Where 𝐾𝑝𝑑  and 𝐾𝑝𝑖  are proportional and integral, respectively. 

Thus, the reference speed of the drive motor is as follows: 

 

𝜔r = 𝜔1 + 𝜔2     (13) 

 

Thus, the reference frequency of the motor is obtained as follows: 

 

𝑓∗ =
1

2𝜋
(𝜔r)    (14) 

 

Therefore, for every voltage value provided by the DC-link 

capacitor to the inverter, a frequency value is obtained, ensuring 

that the specified V/f is satisfied. 

The DC-Link in the Two-Stage Model 

The DC-Link capacitor is positioned between the converter and 

the inverter [39]. As the converter and inverter blocks have 

separate controls, this capacitor serves as the voltage reference 
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for the inverter. In the study [18], the DC-Link capacitance 𝐶𝑑𝑐 is 

determined based on the equation 

 

𝐶𝑑𝑐 =
6𝛼𝑉𝐼𝑡

𝑉𝑑𝑐
∗2−𝑉𝑑𝑐1

2      (15) 

 

Where 𝑉𝑑𝑐
∗2 is the reference DC bus voltage, while 𝑉𝑑𝑐1

2  is the 

lowest acceptable voltage during transient processes and is 

chosen to be 375V, α is the overloading factor (1.2), V and I are 

the voltage and current of the motor phase, and t is the duration 

of the transient. Meanwhile, the minimum voltage required by the 

DC-Link capacitor is obtained from the following equation:  

 

m ×
𝑉𝐷𝐶

2√2
=

𝑉𝐿−𝐿

√3
     (16) 

 

Where m is the modulation index, and 𝑉𝐿−𝐿 is the line voltage 

used in the motor. Therefore, 

 

𝑉𝐷𝐶 =
2√2

√3
× 400 = 653V    (17) 

 

It is the voltage required when the modulation index is 1 [4] .  

Single-Stage Model Of Pv System Supplying Pump Motor 

The single-stage PV system model is generally depicted in Figure 

7. It is termed as a single-stage PV model because, in this PV 

system supplying electrical power to the battery-less motor, it 

only utilizes the inverter module without incorporating the 

converter block, as observed in the two-stage model. The voltage 

generated by the PV is not pre-regulated but is directly used as an 

input to the inverter block. Subsequently, the inverter determines 

the output voltage and frequency to be supplied to the motor.  

 

Various studies utilizing this single-stage model incorporate 

different techniques to enhance the maximum power that can be 

utilized by motor loads. Research [40] employs a vector control 

scheme to regulate induction motors, aiming to enhance the 

reliability of PV systems. The phase current of induction motors 

is estimated from the DC link current using a modified SVM 

technique [41]. An incremental-conductance-based maximum 

power point tracking algorithm is utilized to control voltage 

source inverters [42].  

 

The power tracking process of PV is conducted through the 

control of BLDC motors [43]. The use of DC buses can eliminate 

the need for a dc-dc converter in PV systems to supply power to 

motors [44]. Frequency variables are harnessed to control 

induction motors [45]. A combination of variable stepped 

incremental conductance and constant voltage methods is 

employed to develop a fast tracking algorithm for generating 

optimal voltage and frequency references in inverters [46]. 

 

In more detail, the single-stage model in a PV system supplying 

power to the battery-less pump consists of the PV, DC-Link 

Capacitor, Inverter, and motor. The PV functions as the power 

generator. The DC-Link Capacitor stabilizes changes in the 

output voltage from the PV. The MPPT algorithm is applied to 

directly control the inverter in the maximum power tracking 

process. The inverter is used to supply power to the motor load. 

 

 
Figure 7. Single-Stage Model of the PV system supplying the 

pump motor [40] 

The function of the Inverter Block in the Single-Stage 

Model 

In the single-stage model, the tracking of power produced by the 

PV is carried out by the inverter module. In this tracking process, 

voltage and current sensors gather real-time data from the PV 

output. This voltage and current data are processed by the MPPT 

algorithm. The decisions generated by this algorithm determine 

the speed of the motor driven by the inverter. The motor speed, in 

turn, impacts the power consumption of the motor. 

 

In the study [47], the control algorithm initially initializes the 

value of the modulation index 𝑚𝑎 to its minimum value. This 

𝑚𝑎 value is used to calculate the base frequency of the 

modulation signal 𝑚𝑎. 

 

𝑓mod = {
𝑚𝑎×50

0.866
     for 𝑚𝑎 ⩽ 0.866

50     for 𝑚𝑎 > 0.866
   (18) 

 

The MPPT algorithm senses the instantaneous PV voltage 𝑽𝒑𝒗  

and PV current 𝑰𝒑𝒗, then calculates the power 𝑷𝒑𝒗. This value is 

stored as the previous value. The current value and the previous 

value are compared to determine the operating region on the P-V 

curve.  

 
𝑃𝑝𝑣(𝑛)−𝑃𝑝𝑣(𝑛−1)

𝑉𝑝𝑣(𝑛)−𝑉𝑝𝑣(𝑛−1)
< 0 then 𝑚𝑎 = 𝑚𝑎 + Δ𝑚𝑎  (19) 

𝑃𝑝𝑣(𝑛)−𝑃𝑝𝑣(𝑛−1)

𝑉𝑝𝑣(𝑛)−𝑉𝑝𝑣(𝑛−1)
> 0 then 𝑚𝑎 = 𝑚𝑎 − Δ𝑚𝑎  (20) 

 

 
Figure 8. The process of maximum power point tracking by 

adjusting the modulation index in the inverter block  [47] 

 

In determining this motor speed, there are other parameters 

required as well to ensure that the inverter block provides an 
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appropriate output. These additional parameters include the 

current flowing into the motor, motor voltage, and the motor 

speed at that moment. These parameters serve as references for 

the inverter. For instance, when the MPPT algorithm provides a 

speed reference value to the inverter, the inverter must also take 

these parameters into account. This allows the inverter to 

determine the voltage and frequency to be supplied to the motor. 

Research studies such as [41] [10] simplify these parameters for 

a more concise approach. 

 

Moreover, [46] the motor speed is determined by the MPPT 

algorithm to achieve the maximum power that the PV can 

produce. In other words, the primary focus in implementing PV 

to supply the motor is to track the maximum power from the PV 

rather than setting a speed reference. Thus, open-loop speed 

control is used in this implementation. The V/f speed control 

determines the voltage and frequency values for the PWM 

generator based on the speed reference. 

 

The flowchart of the MPPT algorithm is illustrated in Figure 8. 

Here, two methods are employed: Incremental Conductance (IC) 

and Constant Voltage (CV). The process begins with the CV 

method to expedite the operation, but as the PV voltage decreases 

towards the MPP voltage (0.80 of Voc), the IC method comes into 

play. The step size of the IC method varies depending on the 

dP/dV value to enhance performance. 

 

 
 

Figure 9. MPPT Algorithm to control the inverter output in the 

single-stage model [46] 

The DC-Link Capacitor in the Single-Stage Model 

In this single-stage model, the DC-Link capacitor is positioned 

between the PV and the inverter block. This capacitor serves as a 

temporary energy storage for PV, ensuring that during changes in 

light intensity levels, the power tracking process using the 

inverter does not undergo spontaneous changes but rather has 

stored energy to cover any variations. This allows the MPPT 

algorithm to have time to handle reductions in load power 

consumption. Additionally, this DC-Link capacitor also functions 

as a stabilizer for the ripples caused by motor operations. The 

larger the capacitor used, the more effective its performance. 

 

The ripple current is formulated as follows [43]:  

𝒊𝒄 = 𝒊𝒑𝒗 − 𝒊𝒅𝒄     (21) 

Where 𝒊𝒑𝒗 is the current generated by PV at MPP, 𝑖𝑑𝑐 is the DC-

link current entering the inverter, and the ripple current 𝑖𝑐 will be 

significant if 𝑖𝑑𝑐  is zero. The capacitor value needed for minimal 

ripple current approaching zero is 

 

𝑐 =
𝑖𝑐,𝑚𝑎𝑥

𝑓𝑠𝑤×Δ𝑣𝑝𝑣
     (22) 

 

In the study [48], the capacitor value is determined based on the 

analysis of the ripple current that the capacitor will handle, where 

𝑖𝑐 is given by: 

 

𝑖𝑐 = 𝑖𝑝𝑣 − 𝑖𝑖𝑛𝑣     (23) 

 

Where 𝑖𝑝𝑣  is the current supplied by the PV source, 𝑖𝑖𝑛𝑣is the 

current consumed by the inverter. Thus, the required capacitance 

value is given by:   

 

𝐶𝑝𝑣 =
𝑖𝑐,𝑚𝑎𝑥

𝑓𝑠Δ𝑉𝑝𝑣
     (24) 

 

Where 𝑓𝑠 is the semiconductor switching frequency, and Δ𝑉𝑝𝑣 is 

the ripple. 

 

In the study [40], the formula for the minimum capacitance of a 

capacitor that must be used is formulated as: 

 

𝐶𝑑𝑐 ≥
𝑃

2𝜔𝑉𝑑𝑐Δ𝑣𝑑𝑐
     (25) 

 

where 𝑉𝑑𝑐  is the reference voltage of the VSI. P is the required 

power. Furthermore, ω is the angular frequency in rad/sec, while 

Δ𝑣𝑑𝑐 is the ripple voltage to be handled. Based on their research, 

after inputting the data, the size of the capacitor is obtained as:  

 

𝐶𝑑𝑐 ≥
10∗746

2∗2∗𝑝𝑖∗50∗600∗1    (26) 

𝐶𝑑𝑐 ≥ 1.9798e − 04    (27) 

METHODS 

A comparative analysis between the two types of PV system 

models supplying pump motors, namely two-stage, and single-

stage, can be broadly examined in terms of MPPT control[19], 

motor power consumption regulation, and the role of the DC-link 

capacitor. 

Comparison in MPPT Control 

The differences in the MPPT power tracking flowcharts between 

the two-stage model [26] and the single-stage model [40]  are 

illustrated in Figures 10 and 11. This flowchart can be divided 

into two main blocks. The first block represents the process of 

determining the position of tracking the maximum power point, 

while the second block involves the regulation of load power 

consumption[49]. The position-tracking determination process 
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exhibits similarities in both types of models. All types of MPPT 

algorithms can be implemented in both models[50][51].  

 

The distinguishing factor lies in the regulation of load power 

consumption. In the two-stage model, the adjustment of motor 

power consumption is not directly performed; instead, it merely 

involves providing DC output voltage. On the other hand, in the 

single-stage model, the load power consumption is directly 

regulated, controlling the power supplied to the motor. In 

summary, the overall difference between the single-stage and 

two-stage models in the power tracking control process is 

depicted in Figures 10 and 11. 

 

I

II

 
Figure 10. MPPT Block in the Two-Stage Model 

 

In the two-stage model, power regulation towards the load, in this 

case, an electric motor, is not directly conducted. Instead, it 

requires the assistance of an inverter block for power regulation 

towards the load. In this maximum power tracking process, the 

converter is controlled by the MPPT algorithm to generate a 

specific voltage. This resultant DC voltage is converted into 

three-phase AC voltage by the inverter to supply power to the 

pump motor load 

 

The magnitude of the three-phase AC voltage output by the 

inverter depends on the DC voltage provided by the converter 

block. The higher the DC voltage supplied, the greater the AC 

voltage produced by the inverter. Here, the role of the inverter 

block is to facilitate electrical power conversion. 

 

In the single-stage model, the power consumption regulation 

process is performed by the inverter. The MPPT algorithm 

controls the inverter in the maximum power tracking process by 

adjusting the inverter output voltage, either increasing or 

decreasing it. This inverter output voltage determines the 

corresponding frequency 

 

I

II

 
Figure 11. MPPT Block in the Single-Stage Mode 

Comparison in Motor Power Consumption Regulation 

The Two-Stage model employs separate controls for the MPPT 

process and the motor power consumption regulation. In contrast, 

the Single-Stage model integrates both MPPT and motor power 

consumption control into a single process. In the Two-Stage 

model, the regulation of motor power consumption is entirely 

dependent on the DC-link capacitor, which serves as the voltage 

source for the inverter. The determination of motor power 

consumption is based on this DC-link capacitor. On the other 

hand, in the Single-Stage model, motor power consumption is 

determined through the power tracking process facilitated by the 

MPPT algorithm 

 

Since the Two-Stage model features separate controls, regulating 

power consumption to the motor typically involves using a PI 

Controller in the inverter. In this case, the voltage on the DC link 

serves as the basis for determining the motor speed. The voltage 

on the DC link is utilized as a reference in the inverter control. 

Additionally, this DC link voltage serves as a power tracker for 

the converter, as it does not directly control the inverter. 

 

The Single-Stage model employs the directive of the maximum 

power tracking algorithm to control the motor speed. The 

parameters used to increase motor speed in this context are in the 

form of modulation index or frequency parameters [47][46]. 

Subsequently, for this processing, a vector scheme control is 

employed  [40].  

Comparison in the Use of DC Link Capacitors 

Comparison of  DC-link Capacitor Usage between Two-Stage 

and Single-Stage Models is primarily based on the capacitor's 

main function. In the two-stage model, it serves as a temporary 

energy storage for the power produced by PV, which is then 

directed to the motor through the inverter. On the other hand, in 

the single-stage model, its primary purpose is to mitigate ripple 

voltage resulting from fluctuations in power production by PV. 

Functionally, the required capacity value for the two-stage model 

will be smaller compared to the single-stage model. 

 

In the two-stage model, the determination of the capacitor does 

not involve the motor load behavior, thus not considering the 
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frequency in determining the capacity of the DC Link capacitor. 

In the study by [26] , the DC-link capacitor functions to provide 

sufficient energy during transient events, such as a decrease in 

radiation and an increase in load. Its value is calculated as 

follows: 

 
1

2
𝐶𝐷𝐶[𝑉𝐷𝐶

∗2 − 𝑉𝐷𝐶1
2 ] = 3𝛼𝑉𝐼𝑡    (24) 

 

In this equation, 𝑉𝐷𝐶
∗2 represents the DC bus voltage, while 𝑉𝐷𝐶1

2  

refers to the lowest acceptable voltage during transients. 

Furthermore, α denotes the overloading factor, and t is the 

duration of the transient. 

 

In a single-stage configuration, the motor load behavior is 

considered, thereby involving the motor frequency. In the study 

[40],  the formula for the minimum capacitance of a capacitor that 

must be utilized is formulated as follows: 

 

𝐶𝑑𝑐 ≥
𝑃

2𝜔𝑉𝑑𝑐Δ𝑣𝑑𝑐
     (25) 

 

Where 𝑉𝑑𝑐 represents the reference voltage of the VSI. P denotes 

the required power. Furthermore, ω stands for the angular 

frequency in rad/sec, while Δ𝑣𝑑𝑐 signifies the handled ripple 

voltage.    

RESULTS AND DISCUSSION 

This study categorizes standalone PV-powered motor systems 

models into two models: the two-stage model and the single-stage 

model. A comparative analysis of these two models is presented 

in tabular form, as shown in Table 1. The study's analysis of the 

maximum power tracking process between the two-stage and 

single-stage models reveals a significant difference. The two-

stage model employs a separate system, whereas the single-stage 

model utilizes an integrated system. 

 

In the process of maximum power point tracking (MPPT) by the 

photovoltaic (PV) system supplying power to the motor, load 

consumption regulation and power production monitoring are 

two crucial aspects. As this PV-powered motor system operates 

standalone without using batteries, the regulation of power 

consumption by the motor load must be directly controlled. The 

two-stage model employs two functional blocks: the converter 

function block and the inverter function block. The converter 

function block is utilized to implement the MPPT algorithm, 

while the inverter function block is used to control the motor's 

power consumption. On the other hand, the single-stage model 

integrates the MPPT algorithm and the control of motor power 

consumption within the inverter function block, eliminating the 

need for a separate converter function block. 

 

All types of MPPT algorithms can be applied to both of these 

models. The use of MPPT algorithms in the two-stage model aims 

to regulate the output voltage from the converter function block. 

This voltage regulation is achieved through adjusting the duty 

cycle based on the voltage and current generated by the PV 

system. The voltage regulation significantly impacts the output 

voltage and current of the solar panels. Meanwhile, in the single-

stage model, the purpose of employing MPPT algorithms is to 

determine the motor speed or modulation index. The motor speed 

directly influences the voltage and current output from the PV 

system. 

 

Table 1. Comparison of Two-Stage Model with Single-Stage 

Model 

Parameters Two-Stage 

Model 

Single-Stage 

Model 

Maximum Power Point 

Tracking System  

 

Separate Integrated 

Power Tracking Process Performed by 

converter 

 

Performed by 

inverter 

Converter Module Required Not required 

 

Inverter Module Required Required  

 

MPPT Control Output DC Voltage Motor Speed 

 

DC Link Capacitor Required Required 

 

 

  

DC Link Role Reference 

Voltage 

Power 

Production 

Fluctuations  

 

DC-Link Capacity Voltage Motor Speed  

 

Motor Load Power 

Consumption Adjustment 

Process 

 

In the Inverter In the 

Inverter 

Types of MPPT 

Algorithms Applicable 

All 

algorithms 

All 

algorithms  

 

Scalar Control Can be used Preferred for 

use 

 

Vector Control Preferred for 

use  

 

Can be used 

Motor Speed Reference Preferred for 

use  

 

Can be used 

Close Loop Preferred for 

use  

 

Can be used 

Open Loop Can be used Preferred for 

use 

 

The DC-link capacitor plays a crucial role in this standalone PV 

system supplying power to the motor. This component provides 

the system with the necessary time to adjust voltage settings 

during fluctuations in sunlight intensity or when the load 

increases in power consumption. In the two-stage model, the DC-

link capacitor serves as the inverter's reference voltage in 

determining the motor's power consumption. When determining 

this DC link's capacity, the voltage input to the inverter is the 

parameter used. In the single-stage model, the capacity of the DC 

link is determined based on the motor speed. 
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In motor control, the motor speed can be regulated using scalar 

control and vector control. Both types of control can be applied 

in both models. However, the single-stage model commonly 

employs scalar control in PV system studies for motor supply. 

This is because the motor control process directly utilizes MPPT 

algorithms. Scalar control does not necessitate feedback from the 

motor. The MPPT algorithm utilizes the tracked power as a 

reference to determine the motor speed. Conversely, the two-

stage model tends to favor vector control for regulating motor 

speed. This inclination stems from the inverter block having 

separate control from MPPT in the two-stage model. 

CONCLUSION 

The results of the analytical study conducted on research related 

to PV systems supplying power to pump motor loads have led to 

the classification of these PV systems into two distinct models. 

The first model is the two-stage, and the second model is the 

single-stage. Between these two models, the two-stage model 

exhibits higher stability due to the separation of the power 

tracking process from the PV system and the regulation of the 

pump motor load consumption. The power tracking process 

involves the converter module, while the load consumption 

regulation process occurs in the inverter module. In the single-

stage model, both the power tracking process and the control of 

pump motor load consumption are integrated into a single 

process. In the single-stage model, the inverter module receives 

input voltage with significant fluctuations, impacting the 

utilization of the DC-link capacitor. The single-stage model 

requires a capacitor with a larger capacity to stabilize fluctuations 

resulting from changes in voltage from the PV. 
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NOMENCLATURE 

V Voltage 

f Frequency 

IPV  Photovoltaic Current  

PPV  Photovoltaic Power  

VPV  Photovoltaic Voltage 

dIPV  Derivative of the photovoltaic current 

dVPV  Derivative of the photovoltaic voltage 

Pmp  Power comsumed by motor 

TL  Load torque 

Pmp  Power comsumed by motor 

Pmp  Power comsumed by motor 

ω Motor speed 

η Efficiency of the power conversion 

C Capacitance 

ma  Modulation 

 

 

 

  

 

 


