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This article presents the development of a three-phase inverter of medium power used in 

pumping system photovoltaic autonomous, that solves the needs of high consumption of 

energy in populations away from the national electrical network, whose final application 

is the use in the agricultural sector. Considering that this application uses an induction 

motor as a load, it is common to oversize components in such a way that they can withstand 

the starting current of this, which leads to a negative impact on the volume and cost of the 

system. This is the reason why it is emphasized the importance of the design with the main 

objective of selecting the appropriate components for a system, avoiding oversizing. The 

above is carried out through the implementation of the Sinusoidal Pulse Width Modulation 

(SPWM) modulation technique operating under the constant torque operation regime. To 

check the proper operation of the constant torque regime, a comparison with the constant 

voltage regime is carried out. In addition to the above, the easy implementation of the 

modulation under the different operating regimes is highlighted by means of the direct link 

between Matlab/Simulink® and the NUCLEO STM32F767 microcontroller. 
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1. INTRODUCTION

Currently, there is a growing interest in increasing 

electricity production through photovoltaic solar energy 

conversion and at the same time ensuring an efficient 

conversion process, from the starting point to the final 

application in different economic sectors [1].  

The agricultural sector is one of the sectors in which 

photovoltaic energy is used to develop different activities 

related to agriculture and livestock, such as fuels for 

mechanized agriculture, water pumping for drinking troughs 

or irrigation, etc. 

This paper focuses on the activity of pumping water with 

solar energy. These types of systems are classified into two 

groups: systems that operate with direct current pumps and 

systems that operate with alternating current pumps.  

In direct current photovoltaic pumping systems, the main 

drawback is the low pumping capacity, because the motor used, 

in most cases, operates at 12 V and low power for applications 

[2-4]. In addition to the above, the initial investment and 

pumping capacity ratio for most applications is not cost-

effective, as in many cases the required flow is not achieved 

with a direct current pump which, in addition to low flow, 

generates constant maintenance costs [5, 6].  

As regards alternating current water pumping photovoltaic 

systems, they have advantages over direct current systems, 

such as: 

• Increased pumping capacity

• Lower maintenance cost

• A higher range of commercial models

However, in the photovoltaic systems of alternating current

pumping, an important component is added, the inverter, this 

one when operating with motors must be able to withstand the 

starting current of these, which becomes up to six times the 

nominal current. That is why most sizing and installation 

manuals propose to oversize the system, which represents a 

problem concerning the cost of the system [7-10]. Another 

drawback related to inverters is that the most commercially 

available ones range from 500 W to 2 kW, which makes it 

impossible to use pumps with high-power AC motors and, 

therefore, generate an intermediate flow rate that is insufficient 

for most agricultural applications [11-16]. 

It is important to note that there are different methods to 

perform the design of inverters applied in photovoltaic 

pumping. However, 65% are considered oversized, leading to 

excessive energy consumption in this activity. In the following 

paragraphs, some of the existing design methods found in the 

literature are discussed. 

In works [17] the design and implementation of an 

autonomous photovoltaic system is developed based on the 

required hydraulic energy, the estimation of the available solar 

energy and the water needs, but in the end the inverter is 

oversized because its control causes it to have flow variations 

and thus causes the starting current to increase significantly. 

On the other hand, in Ref. [18] probabilistic techniques are 

used to detect the appropriate oversizing according to the 

motor load and the available solar energy. All this once again 

oversizing the system. In addition, there are occasions as 

discussed in works [19] that oversizing is used to avoid losses 

of the Joule effect, but the latter causes the cost of the system 

to increase. 

Correctly sizing a pumping system brings benefits of 

reducing electricity consumption, which represents economic 

savings of up to 18% of its current cost [20, 21]. There are 

several methodologies focused on the correct calculation of 

the system when a motor is used as a load, as is the case of the 
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photovoltaic pumping system, which range from complex 

control techniques to additional circuits to the elementary 

components of the system. For example, Bravo-Tapia et al. 

[22] proposed that the starting current reduction is carried out 

by using an additional regulator circuit. Integrating extra 

topology causes the cost to rise, reliability to drop, and system 

lifetime to suffer. Singh et al. [23] and Barwar et al. [24] make 

use of control techniques such as DTC in combination with 

current tracking to minimize the starting current, increasing 

the complexity of the system. 

Then, according to what has been discussed so far, the 

importance of having an adequate management of the 

parameters involved in the behavior of the system elements 

and that lead to system benefits is highlighted. 

This paper presents a solution using an inverter that meets 

the needs of high-power consumption (at least 10 kW) so that 

it can drive medium power pumps used in agricultural 

applications of at least 10 hp; this so that it can withstand the 

current transients of the same. All of the above, implementing 

the constant torque operating regime of the induction motor. 

Also, the constant voltage regime is developed in order to 

compare and highlight the correct operation of the first regime. 

Emphasizing the objective of reducing the load starting current 

to avoid unnecessary oversizing of the system. In addition, a 

comparison is made of the advantages of the constant torque 

operation regime with respect to existing methodologies that 

avoid oversizing. 

The rest of the article is organized as follows: Section 2 

describes the elements that make up the system under study, 

including the three-phase inverter, the modulation technique, 

and the operating regimes of the load used. This section also 

includes the implementation of the above-mentioned. Section 

3 presents the results obtained experimentally, using different 

loads under two operating regimes: constant voltage and 

constant torque. Subsequently, section 4 presents the 

discussion and analysis of the results obtained experimentally 

from the two operating regimes. It also presents the 

comparison between the different existing methodologies that 

avoid the oversizing of the system when an induction motor is 

used as a load. Finally, section 5 presents the conclusions 

obtained from this work.  

 

 

2. METHOD 
 

This section describes in detail the elements that make up 

the system. Starting with the three-phase inverter, followed by 

the generation of switching signals, including the two 

induction motor operating regimes belonging to this study, 

which are: constant voltage operation and constant torque 

operation.  

 

2.1 Three-phase inverter 

 

In autonomous water pumping photovoltaic systems, 

inverters are the devices responsible for converting direct 

current from the CD-CD converter into alternating current, 

which aims to feed specific loads, in this case, a motor pump. 

The design of the three-phase inverter is carried out from 

the data of the power for which the photovoltaic system is 

designed, which is 10 kW. Table 1 shows the general design 

specifications for the inverter. The topology selected for the 

inverter is the conventional three-phase full-bridge type. 

Figure 1 shows the schematic diagram of the three-phase 

inverter used in this study.  

For the selection of the circuit breakers that integrate this 

topology, parameters such as voltage, current, as well as the 

power of the load for which this converter is used are taken 

into consideration. Therefore, the power module 

FP30R06W1E3 from the manufacturer Infineon®.  

The SPWM technique is used to modulate the power 

switches belonging to this topology, which varies according to 

the operating speed used, either at a constant voltage or 

constant torque. To select which of them has the best behavior 

concerning the motor starting current, since this is decisive 

when sizing the inverter elements of the photovoltaic pumping 

system.  

 

Table 1. Inverter design specifications 

 
Parameter Value 

Power 10 kW 

Number of phases 3 

Bus voltage CD 320 VCD 

Output voltage between phases 220 V 

Frequency switching 3.3 kHz 

 

 
 

Figure 1. Schematic diagram of the three-phase inverter 

 

2.2 Switching signals for three-phase inverter  

As shown in the introduction section, strategies have been 

developed to avoid oversizing. However, they have the 

disadvantages of control complexity and an increase in the 

number of power semiconductor devices used. That is why in 

this paper the design of the system is carried out under the 

constant torque operation regime. Subsequently, the constant 

voltage regime is carried out in order to appreciate the correct 

operation of the first one.  

The SPWM modulation technique is used to generate the 

inverter switching signals, which vary depending on the 

machine's operating mode.  

The SPWM modulation strategy is characterized by a 

comparison of a carrier signal with reference modulating 

signals, resulting in switching signals that will activate and 

deactivate the power switches. Figure 2 shows this comparison, 

which occurs as follows: when the modulating signal is greater 

than the carrier signal, then it results in a high pulse (A), and 

when the modulating signal is less than the modulating signal 

the results are a low pulse (B). 

Table 2 shows the general specifications of the SPWM 

technique used in this study.  
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Figure 2. Principle of comparison of modulating signal and 

carrier signal, SPWM modulation strategy 

 

Table 2. SPWM modulation technique specifications 

 
Parameter Value 

Modulation signal frequency (Fm) 60 Hz 

Carrier signal frequency (Fc) 3.3 kHz 

Modulation index (m) 1 

Switching frequency 3.3kHz 

 

2.2.1 SPWM for constant voltage operation 

In this mode of operation, the induction motor is supplied at 

a nominal voltage from the beginning and throughout the time 

the machine is in operation. Figure 3 shows the schematic 

diagram with which the switching states that activate and 

deactivate the power switches of the three-phase topology of 

the conventional inverter are generated to operate the 

induction motor at a constant voltage, using the SPWM 

modulation technique. 

 

 
 

Figure 3. Schematic diagram of switching signals for 

constant voltage operation 

 

The following is a list of the elements that make up the 

schematic diagram above, belonging to the SPWM modulation 

stage developed in Matlab Simulink®, as well as the function 

of each one of them.  

- Sine wave generator. This block generates the sine wave 

or in this case, modulating signal. Being a three-phase system, 

there are three modulating signals 120° out of phase between 

them. 

- Triangular generator. This block generates the triangular 

wave, or in this case, carrier signal, whose amplitude is ±1.  

- Relational operator. This block compares the modulating 

and carrier signals. That is, when the modulating signal is 

greater than the carrier, the output is a high level or 1, and 

when the modulating signal is lower, the output is a low level 

or 0. 

- NOT logic operator, ≥. This block behaves as a not gate. 

It is used to obtain the three negated outputs of the 

complementary switches of the inverter topology. 

- Power-on delay. This block delays the output signal by a 

certain time. This is used because the switching signals 

between the switches must contain a dead time to avoid an 

overlap between them. 

Emphasizing that the carrier signal and the modulating 

signals are maintained with the same voltage amplitude during 

the whole period. That is, throughout the duty cycle are 

governed by Eqns. (1)-(4). 

 

𝑉𝑇 = 𝐴𝑇 [
2

𝜋
arcsin (sin (2𝜋𝑓𝑐𝑡 −

𝜋

2
)) ] + 𝐴𝑇 (1) 

 

where: VT is the voltage signal of the triangular carrier. 𝑡 is the 

period. fc is the frequency of the carrier signal. AT is the 

amplitude of the triangular waveform. 

 

𝑉𝐴 = 𝐴𝐴sin(2𝜋𝑓𝑚𝑡) (2) 

 

𝑉𝐵 = 𝐴𝐵sin(2𝜋𝑓𝑚𝑡 + 120°) (3) 

 

𝑉𝐶 = 𝐴𝐶sin(2𝜋𝑓𝑚𝑡 − 120°) (4) 

 

where: VA, VB, and VC are the voltage of each phase A, B, and 

C, respectively. fm is the modulating frequency of the sine 

waveform. AA, AB, and AC are the amplitudes of the sine 

waveform.  

 

2.2.2 SPWM for constant torque operation  

This operation regime of the motor is based on the voltage-

frequency relation and mainly serves to vary the speed of a 

motor, varying proportionally the voltage and the frequency 

maintaining constant the torque of the same one. 

The voltage/frequency ratio is obtained by dividing the 

nominal voltage by the rated frequency of the motor used (see 

Eq. (5)).  

 

𝑉𝐹 =
𝑉𝑛
𝑓𝑛
 (5) 

 

where: Vn is the nominal voltage and fn is the rated frequency 

of the motor used, respectively.  

Once this data has been obtained, it must be ensured that at 

all times of operation this ratio remains constant, as this 

ensures that the engine delivers the rated torque at all times. It 

is important to note that when using speeds between 25% and 

100% of the nominal speed of the induction motor used, the 

magnetic flux of the motor depends only on the voltage-

frequency ratio, and also at lower speeds this technique 
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ensures that the motor operates correctly because the induced 

torque is inversely proportional to the frequency. 

To simulate the switching states of this operating mode, first, 

the nominal voltage and frequency parameters of the system 

load are taken, in this case, 220 V and 60 Hz, respectively. The 

reason for taking into account the nominal values of the motor 

in terms of voltage (220 V) and frequency (60 Hz) is to 

establish the main voltage-frequency ratio, which must be 

maintained during the variation steps. In this case, the main 

variation is 3.66. Therefore, taking into account the above, 

variation steps are established in such a way that the main 

voltage-frequency ratio is respected in order to guarantee that 

the torque remains constant. Starting with reduced voltage and 

frequency values to contribute to the decrease of the current 

handled in this step, until reaching the step in which the 

nominal values of the motor are used.  

Table 3 shows the variation steps mentioned above. It can 

also be seen that the main ratio is respected, varying only 1%.  

 

Table 3. Voltage-frequency variations 

 

Time (s) 
Voltage (V) 

RMS 

Frequency 

(Hz) 

Voltage-

frequency ratio 

0 102 28 3.64 

15 125 34 3.67 

25 145 40 3.62 

35 220 60 3.66 

 

Using the data provided in Table 3, the schematic diagram 

that complies with these characteristics is carried out (Figure 

4). The difference between the schematic prepared for the 

constant voltage regime and the one belonging to this regime 

lies in the generation of the modulating signals because in this 

variant these signals are required to be modified throughout 

the cycle. 

 

 
 

Figure 4. Schematic diagram of switching signals for 

constant torque operation 

 

The blocks used for the generation and modification of the 

modulating signals belonging to this variant are described 

below. 

 - Function generator. This block contains the sine function, 

which has as inputs the ramp generator blocks, which modify 

the function in terms of amplitude, frequency and phase.  

- Ramp generator. This block modifies the amplitude and 

frequency of the sine function. 

- Constant. This block modifies the phase of the sine 

function. 

Based on what was established in the previous paragraphs, 

the simulation of the modulating and carrier signals belonging 

to this regime was carried out. Remembering that the purpose 

is to compare these signals to obtain the switching states of the 

three-phase inverter. In this strategy the pulse width varies 

depending on the amplitude of the sinusoidal modulating wave, 

which is compared with a triangular carrier wave to determine 

the switching instants.  

Figure 5 shows such a comparison, which occurs as follows: 

when the modulating signal is greater than the carrier signal, 

then it results in a high pulse (A), and when the modulating 

signal is less than the modulating signal, the result is a low 

pulse (B). Unlike the constant voltage regime, in the constant 

torque operating regime the modulating signal varies 

according to the previously established steps (Figure 6). Just 

as in the same figure, an approach is shown to the carrier and 

modulating signal. 

 

 
 

Figure 5. Principle of comparison of modulating signal and 

carrier signal 

 

 
 

Figure 6. Amplitude and frequency variation steps of the 

modulating signal 

 

The STM32F767® development card was used to 

implement the switching states, with the collaboration of the 

Matlab Simulink® program and the embedded code support 
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package for STMicroelectronics® cards. The Matlab 

Simulink® program's collaboration with Nucleo STM 

development cards makes it easy to implement prototypes by 

generating C and C language code from models, which are 

located within the block library.  

Figure 7 shows the switching signals already implemented 

in the STM32F767 microcontroller. Here you can also see a 

close-up of a switching signal with its complementary signal, 

which includes the dead time between them (1us). 

 

 
 

Figure 7. Implemented switching signals, with dead times 

 

 

3. RESULTS 
 

In this section, the results obtained using medium-power 

three-phase induction motors operating in the two regimens 

addressed are found. Figure 8 shows the implemented circuit 

of the three-phase inverter in conjunction with the drive 

circuits, which amplify the power output from the STM32F67 

board. It is important to mention that the use of this specific 

microcontroller brings with it the advantage of a simple digital 

implementation, since it is only required to link it with the 

simulation carried out in MatLab/Simulink® and the 

programming is done by itself. This avoids creating more lines 

of extra code, thus reducing the complexity of implementation. 

Also, in Figure 9 the voltage waveform at the inverter output 

obtained with this circuit is shown using the conventional 

SPWM modulation technique. It shows that the design voltage 

and frequency are met since it has a period of 16.66 ms, i.e., 

60 Hz; and a nominal voltage of 220 VRMS between phases. 

This is based on the nominal specifications of the engines used 

in the experimental tests. 

 

 
 

Figure 8. Implemented circuit of the three-phase inverter 

 
 

Figure 9. Voltage waveform at the inverter output 

 

SPWM modulation technique was used in conjunction with 

a 10 hp induction motor as a system load working at idle, under 

constant voltage and constant torque operating rates. Table 4 

contains the specifications for the induction motor used in the 

simulation. 

As mentioned above, the comparison parameter to be 

considered between the two operating speeds is the amplitude 

of the induction motor starting current used as a load, as this 

represents an important parameter to avoid oversizing the 

inverter. 

The importance of knowing the behavior of the motor 

starting current under different operating regimes is because 

during the starting of a motor, the current demanded can be up 

to 6 times the nominal current, since a large initial power is 

required to overcome all the resistances from the motor's rest 

to its final speed.  

This high current can cause a voltage drop that affects the 

operation of the installation or system to which it is attached. 

In addition, it generates inconveniences of winding heating 

and thus affects the useful life of the system. Sometimes, when 

there is no technique for the management of the starting 

current, it is necessary to resort to the oversizing of elements 

that belong to the system, in this case the three-phase inverter. 

 

Table 4. General specifications for the 10 hp induction motor 

 
Parameter Value 

Nominal power 10 hp 

Nominal voltage 220 V 

Nominal frequency 60 Hz 

Rated speed 1770 rpm 

No-load current 8.7 A 

Full load current 28.2 

Number of poles 4 

Number of phases 3 

 

Figure 10 shows the starting current obtained in the three 

phases of the 10 hp three-phase induction motor using the 

SPWM modulation technique for constant voltage. It can be 

observed that the starting current amplitude becomes 45 A.  

Figure 11 shows the starting current in the three phases 

obtained from the same induction motor but for constant 

torque. It can be seen that unlike the result obtained with the 

constant voltage mode, the amplitude of the starting current 

has a value of 10 A. 
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Figure 10. 10 hp induction motor starting current using 

SPWM technique for constant voltage operation  

 

 

 

Figure 11. 10 hp induction motor starting current using 

SPWM technique for constant torque operation 

 

Comparing the currents presented in the figures above, it 

can be observed that there is a considerable difference between 

the amplitude of the starting current operating in the constant 

voltage regime and the starting current in the constant torque 

regime. The difference between these amplitudes is 35 A. 

Subsequently, experimental tests were continued on other 

motors with different powers (1 hp and 3 hp), to corroborate 

the good performance for medium-power motor pumps.  

 

 
 

Figure 12. Motor starting current of 1 hp, constant voltage 

operation 

 
 

Figure 13. Motor starting current of 1 hp, constant torque 

operation 

 

 
 

Figure 14. Motor starting current of 3 hp, constant voltage 

operation 

 

 
 

Figure 15. Motor starting current of 3 hp, constant torque 

operation 

 

Figures 12 and 13 show the starting current obtained from 

the 1 hp motor in constant voltage and constant torque regimes, 

respectively. Likewise, Figures 14 and 15 show the starting 

current for the 3 hp induction motor obtained experimentally.  

 

 

4. DISCUSSION OF RESULTS 

 

Analyzing the results obtained experimentally, it is found 

that the obtained with both motors, as with the 10 hp motor, 

reflect that the constant torque speed reduces the value of the 

starting current in the induction motors used. Table 5 shows 

the comparison of these results concerning the behavior of the 

starting current amplitude in the induction motors used in this 

study.  
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Table 5. Comparison of starting current in the induction 

motors used  

 

Induction motor 

power 

(hp) 

Starting current amplitude (A) 

Constant voltage 

regime 

Constant torque 

regime 

1 32 A 9 A 

3 113 A 16 A 

 

The percentage of decrease in the amplitude of the starting 

current at the resulting constant torque regime for the 1 hp 

induction motor is 71.87% and for the 3 hp induction motor is 

85.84%. This represents an advantage because reducing the 

starting current of the motor contributes to an evident decrease 

in the size of the components of the photovoltaic system 

because the total current effort of the system decreases and 

with it, the total cost of the system is reduced. 

Also, lowering the starting current avoids unnecessary 

oversizing of the system, as this commonly occurs because the 

starting current can be up to six times the nominal current of 

medium power induction motors. 

Considering the existing methods to avoid oversizing, Table 

6 shows a summary of each method studied and their 

disadvantages. Subsequently, the contributions of 

implementing the constant torque regime discussed in this 

article are highlighted. 

 

Table 6. Existing methods to avoid oversizing 

 

 
Method used to avoid 

oversizing 
Disadvantages 

[22] 

Adds an extra electronic 

circuit, which serves the 

function of reducing the 

starting current. 

Increased system size 

and cost. 

Reduced system life and 

reliability. 

[17] 

It reconfigures the system in 

such a way that at the moment 

of starting the motor, 70% of 

the energy required by the 

system is supplied by the grid 

and only 30% by the 

photovoltaic system. 

Requires 

interconnection to the 

grid to supply at least 

70% of system capacity 

at motor start-up. 

[23, 

24] 

Employs DTC control 

combined with current 

tracking. 

Set delay times to split the 

load and enlarge the PV plant. 

Increase in the 

complexity of digital 

implementation. 

Increase in system size. 

 

Contrary to what is presented in the previous table, the 

constant torque regime implemented to decrease the starting 

current and thus avoid oversizing has the advantage of doing 

all of the above without increasing the number of power 

semiconductor devices, supports the total power required by 

the system without the need of the grid, uses simple control by 

modifying the SPWM and is easy to implement digitally due 

to the direct link between the platform and the microcontroller. 

 

 

5. CONCLUSIONS 

 

The conventional three-phase topology is used in this 

system. The circuit breakers that conform to this topology 

require modulation techniques to perform their activation and 

deactivation and thus generate the output wave of alternating 

current. To do this, the SPWM modulation technique was used, 

which varied depending on the operating regime used 

(constant voltage or constant torque). 

Emphasizing that one of the design objectives of the 

inverter is to have the capacity to support medium power loads, 

avoiding over-dimensioning, it can be said that the SPWM 

modulation technique at constant torque is appropriate for this 

application, since it presented a decrease of 77.77%, 71.87%, 

and 85.84%, in the starting current of the motors analyzed.  

Finally, compared to existing strategies that aim to avoid 

oversizing the system, the constant torque operation regime 

developed in this paper offers significant advantages, such as 

simple control, easy digital implementation (by ensuring direct 

linkage between MatLab SImulink® and the Nucleo® 

microcontroller without the need for extra codes), avoiding the 

use of additional system topologies, which minimizes costs, 

increases system reliability and extends system lifetime. 
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NOMENCLATURE 

 

Fm Frequency of the sine waveform 

Fc Frequency of the carrier signal 

IM Induction motor 

m Modulation index 

PWM Pulse Width Modulation 
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