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This study describes a novel approach to design of a power factor correction (PFC) and total harmonic distortion (THD) reduction-based brushless DC (BLDC) motor drive. The drive was designed to obtain a reduced THD for PFC. The basic design of the BLDC motor drive contains an AC voltage source as input for a diode bridge rectifier. The output DC voltage is filtered out to reduce ripples. The smooth DC output voltage is supplied to the modified Zeta converter. The output voltage of the modified Zeta converter is controlled by using pulse width modulation (PWM). The modified Zeta converter is utilized in discontinuous inductor current mode (DICM) for better power factor. This controlled DC voltage is supplied to the voltage source inverter (VSI) as input. The VSI is designed to convert input DC into a suitable AC voltage source. The output voltage of the VSI depends upon switching patterns applied to power transistors generated by space vector PWM. Additionally, the output of the VSI is supplied to the BLDC motor for speed control. The main purpose of this paper is to simulate and assess BLDC motor function via the MATLAB/Simulink environment, using SimPowerSystems and the Simscape toolbox, with the goals of improved power factor, lower THD, and better speed control. The PFC modified Zeta converter topology produced the best power factor, currently 0.981, which is better than other topologies, with a THD of only 9.81%, the lowest of all three topologies, which demonstrates the significance of the proposed model.
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1 INTRODUCTION
Recent developments in the field of brushless DC (BLDC) motor drive design provide easier and better speed control. It is very hard to find applications for any new type of motor if it does not provide special features and better performance compared to existing options. Due to new areas of application, highly efficient motors with advanced features and greater reliability are needed. This demands motors with high torque to density ratio, high speed, and low power consumption. The BLDC motor is highly efficient and easy to control. In this study, a BLDC motor drive was designed for improved speed control and high-power efficiency. A modified Zeta converter was used to transform pulsating DC into a controllable DC voltage by using pulse width modulation (PWM) pulses, which provided improved power quality. Space vector PWM (SVPWM) pulses were utilized for voltage source inverter switching to convert DC into AC voltage. This offers improved power factor with low THD and easy speed control. The PWM technique was developed in the mid-1960s by Kirnnich, Bowes, and Heinrick (Aktaibi et al., 2010). In 1964, SPWM was developed by Schonung and Stemmler (Lee and Sun, 1988; Hicham et al., 2021; Suti et al., 2022). SVPWM was developed in the mid-1980s (Hua et al., 2003; Khan et al., 2021; Ramos-Paja et al., 2022). SVPWM is a very efficient control technique due to increased DC bus efficiency and reduced computation time and harmonics. It has an influential role in voltage and frequency control applications due to its broad linear modulation span, and low power consumption due to reduced switching losses (Ponder and Pham, 2010; Chao et al., 2022; Khalkhali et al., 2022). In PWM control, the switching time is dependent on the duty ratio of generated pulses. The modulated signal is produced by relating reference signal with a carrier signal. In Table 1, the existing configurations and their problems are presented. In Table 2, the Analysis of PF and THD values are presented.
TABLE 1 | Existing configurations and their problems.
[image: Table 1]TABLE 2 | Analysis of PF and THD.
[image: Table 2]Modulated signal controls the duty ratio of pulses. In the SVPWM technique, the voltages are represented by space vector in different sectors. Each voltage vector is the result of adjacent voltage vectors in that respective sector. There are five major steps in SVPWM control configuration. This strategy starts with the calculation of phase angle and reference voltage magnitude based on the supply voltage. The next step is to determine the modulation index. In the third step, sector number is calculated from a sector angle. The fourth step is calculation of T1, T2, and T0. In the final step, modulation time of switching states is calculated (Tran, 2012). In SVPWM, eight switching patterns are utilized for approximated reference voltage vectors to find sectors (Mahendran, 2013). In motor drive applications, SVPWM is used to control switching the inverter for DC to AC conversion. This reduces the THD of the input current applied to the motor (Ramos-Paja et al., 2022). Its DC bus voltage usage efficiency is 90.6%, 15.5 times greater than SPWM (Devices, 2000). Over modulation based SVPWM was suggested by Holtz in 1991, which further increased the DC bus efficiency (Holtz et al., 1993; Quan, 2011).
As part of the work, a BLDC engine was built and examined. Variants of the motor power supply and various sensors for determining the angular position of the motor shaft were tested. The tests used a three-phase electronic commutator bridge system with an optional DC/DC converter and an electronic commutator system. Both of these systems were designed and created as part of our research work. A schematic of the test stand with the installed measuring infrastructure is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Scheme of the construction of the BLDC engine.
The developed research stand allows us two options for powering the engine. In the first option, the transistors of the electronic commutator bridge are actuated only on the basis of unmodified signals provided by the rotor angular position sensors. In the second option, the transistors of the electronic commutator bridge are actuated on the basis of the signal from the shaft position sensors modified by the PWM signal. Examples of the control voltage waveforms (orange) fed to the transistor gate and the voltage on the motor windings (blue) in the case of both power supply variants are shown in the oscillograms in Figure 2. The waveforms for the variant with DC/DC converter are on the left, and the waveforms generated when the drive signal of the bridge transistors is modified by the PWM signal are shown on the right.
[image: Figure 2]FIGURE 2 | Oscillograms showing the control signal of the bridge transistor (left) and the output voltage of the transistor for BLDC motor control with and without PWM (right).
It is possible to change the average value of the voltage supplied to the motor windings, which allows the motor rotational speed to be regulated by changing the PWM signal duty cycle. Additionally, the duty cycle of the PWM signal enables the implementation of the current limiting function. In the first variant of the power supply, the adjustment of the engine speed and the current limitation function were performed with an additional DC/DC converter indicated via a broken circle in the diagram in Figure 2. In both cases, the current limitation is based on the value of the current consumed by the electronic commutator bridge, measured with the LEM sensor.
Our measuring system uses sensors that provide an analog signal at the output (a signal from thermistors representing temperature and another signal representing the load torque) or a digital signal (from hallotrons, and rotational speed signal from a torque meter).
2 PROPOSED MODIFIED ZETA CONVERTER FED BLDC MOTOR DRIVE
Figure 3 shows the basic circuit of a proposed modified Zeta converter fed BLDC motor drive. A BLDC motor drive encounters serious power quality problems. To reduce losses due to low power factor, suitable PFC converters are designed. These converters are typically categorized into two major classes based on conduction mechanisms, which are either discontinuous conduction mode (DCM) or continuous conduction mode (CCM). Both techniques are considered good based on the environment in which they are used. CCM has low switching losses as it requires a lower switching frequency, but it has a complex control consisting of two control loops and three sensors (Holtz et al., 1993; Quan, 2011). DCM is suitable for low filtering (LF) applications as it requires only one control loop and a single voltage sensor for DC link voltage control (Holtz et al., 1993; Quan, 2011). DCM offers increased losses due to high fsw.
[image: Figure 3]FIGURE 3 | Basic circuit of modified Zeta converter.
2.1 Operation of the improved modified Zeta converter
In DICM, the current flow is not continuous into the output inductor in a cycle. The modified Zeta converter operates on DICM to improve the power factor in the BLDC motor drive. The complete DICM operation of the modified Zeta converter can be divided into four major modes, as explained below.
2.1.1 Mode 1
This mode starts with turning ON switch Sw. As the switch turns ON, the charge starts building up across intermediate capacitor Ci, input inductor Li, and output inductor Lo, as shown in Figure 4. Mode 1 is divided into two parts. In the first part, voltage is increasing across the intermediate capacitor due to negative charging of the capacitor. During this mode, diode D is reverse biased, and load is applied to the Cdc directly. DC link capacitor voltage discharges through the load in this mode. In the second part of mode 1, the intermediate capacitor starts charging up in a positive direction, as shown in Figure 4. The intermediate capacitor voltage (Ci), output inductor current (iLi), and output inductor current (iLo) continue rising. The duration of this mode depends upon duty ratio and is usually 15%–25% of the switching period.
[image: Figure 4]FIGURE 4 | Mode 1 of modified Zeta converter.
2.1.2 Mode 2
This mode begins with turning OFF switch Sw. In this mode, Ci discharges according to Figure 5. As intermediate capacitor voltage is reduced, output inductor current decreases and input inductor current keeps increasing. A diode is forward biased and starts conducting. DC link capacitor charges through this diode; thus, voltage across the DC link capacitor starts increasing. Figure 5 shows that addition of the input inductor current (iLi) and output inductor current (iLo) results in the diode current (iD). This mode ends when the DC link capacitor charges up to voltage equal to the intermediate capacitor voltage (VCi).
[image: Figure 5]FIGURE 5 | Mode 2 of modified Zeta converter.
2.1.3 Mode 3
This mode starts when the intermediate capacitor further discharges through the input and output inductor, and VCi declines from VDC. In this mode, DC link voltage rises as the DC link capacitor charges and, as the diode is forward biased, the output inductor discharges through it. The voltage across the DC link capacitor increases, the current through the output inductor decreases, and the current through the input inductor continues to increase. As the modified Zeta converter is meant to function in DICM, the current through the output inductor lowers to zero in mode 3. The output inductor is intended to be discharged entirely, which requires the output inductance to be lower in value than the input inductance. The total duration of modes 2 and 3 is 20%–30% of one switching time period. Mode 3 is presented in Figure 6.
[image: Figure 6]FIGURE 6 | Mode 3 of modified Zeta converter.
2.1.4 Mode 4
This mode starts with polarity reversal of output inductor current after reaching zero. This mode is also divided into two parts. In the first part of the mode input inductor, the current increases as the intermediate capacitor continues discharging. During that interval, the diode is reverse biased, and the output inductor current is equal in magnitude to the inductor current. The magnitude of Vdc reduces as the Cdc discharges directly through load.
The second part of the mode starts by the time the intermediate capacitor voltage becomes zero. After this, the intermediate capacitor charges up with reverse polarity. The input inductor voltage drops down, and the input inductor current to charge Ci is shown in Figure 7. Mode 4 is usually the longest of all modes. It generally takes 50%–70% of the time of a complete cycle. The cycle then repeats itself when switch Sw is again turned ON.
[image: Figure 7]FIGURE 7 | Mode 4 of modified Zeta converter.
3 PROPOSED MODEL
The proposed architecture of the BLDC motor drive is shown in the diagrams above. A single-phase voltage source was used and an uncontrolled semiconductor diode bridge rectifier was used to convert sinusoidal AC into pulsating DC. This pulsating DC voltage source involves ripples due to full-wave rectification operation. LC filters were utilized to minimize the ripple factor to achieve a constant DC supply. This filtered DC supply was applied across the input of the modified Zeta converter. The modified Zeta converter comprises a MOSFET switch controlled by PWM pulses, an Li, an Lo, a Ci, and a Cdc. When the MOSFET switch is turned ON, the input inductor, intermediate capacitor, and output inductor start charging. During this interval, the diode is in the non-conduction mode as it is reverse biased according to configuration. The load was applied by the attached Cdc. As the switch is turned OFF and the DC link capacitor discharges to the lower voltage, the diode becomes a forward biased intermediate capacitor. In this way, a single voltage loop was used to control the Vdc of the modified Zeta converter. The DC link voltage was supplied to a voltage source inverter (VSI). A VSI is a three-leg semiconductor switch-based bridge. Six insulated-gate bipolar transistor (IGBT) based switches were used in VSI design configuration. S1, S3, and S5 make up the upper legs, and S2,S4, and S6 configure the respective lower legs, as shown in the diagram. Switches were numbered based on the switching sequence. In this switching sequence, S2 was switched ON after S1, and S3 was triggered ON after S2. There is a gap of 60° between any switching. S1and S2 make up the first leg, and their common junction point provided one phase of a three-phase output supply. The next two legs provided the other two phases. Two switches of a leg are toggle switches. If the upper switch is ON, the respective lower switch must be OFF, and vice versa. When the upper switch was ON and the lower switch was OFF, a positive half cycle of the respective phase was supplied to the load, and the reverse was needed for the negative half cycle. The next respective upper and lower switches were triggered in the same manner, with a gap consisting of a 120° phase shift. In this manner, a three-phase output voltage supply was attained with a [image: image] phase shift between any two phases. The three-phase output supply generated from the VSI was provided to three-phase stator winding of the BLDC motor to generate the required flux. A speed encoder was utilized to sense the actual speed of the BLDC motor. The actual speed was compared to the reference speed, and the error signal was generated. The error signal was amplified according to the proportional and integral (PI) gain of the PI controller. Here the PI controller was used as a speed regulator to generate control signal fed to the SVPWM generator. The pulses generated by SVPWM were fed to six switches to control switch ON and OFF time. In this way, the generated three-phase voltage of the VSI was controlled by SVPWM, which ultimately controlled BLDC motor speed. Figures 8, 9 are block diagrams and the proposed model, respectively.
[image: Figure 8]FIGURE 8 | Block diagram of proposed model.
[image: Figure 9]FIGURE 9 | Proposed model of power factor correction.
4 BOOST CONVERTER
Boost converter technology for PFC is not complex, yet not typical, and allows low distorted current for input, with the power factor of almost unity, by means of the numerous categories of devoted methods in the Simulink system. These methods were employed with average current mode control, peak current control, and hysteresis control in supply. As the purpose of this study, modern on-cycle control and self-control technology were employed for power factor increase of a power supply for any system.
Boost converter is a category of power converter that gives a DC output voltage that is higher than the input supplied to the converter; it can also be considered a category of switching mode power supply (SMPS). The boost converter can be manufactured in different configurations, but the basic construction must contain a minimum of two semiconductor switches (normally a transistor and a diode) and should also have one energy storing component. A boost converter has good self PFC (Vijayarajeswaran, 2012). Figure 10 shows the PFC boost converter Simulink model.
[image: Figure 10]FIGURE 10 | PFC boost converter Simulink model.
4.1 PFC double boost converter
Double boost, as the name suggests, must have two boost converters connected in parallel. Two or more boost converters are involved, which are associated in parallel and function at the same switching frequency. This double boost converter diminishes the PFC total switching loss and increases line current quality. Due to different switching frequency values and current amplitudes, double boost diminishes the switching losses for two switches. Modeling, simulation, and results of the PFC double boost converter are shown in Figure 11.
[image: Figure 11]FIGURE 11 | PFC double boost converter Simulink model.
5 SIMULATION
The proposed BLDC motor drive was simulated in MATLAB/Simulink. A screenshot of the simulation model is shown in Figure 11. A 220 V 50 Hz supply was used as an AC voltage source. Four diodes were used to design a full bridge rectifier for rectification of the input AC source. The model provided a pulsating output voltage with ripples. An LC filter was designed to produce smoother output DC. An inductor with an inductance value of 1.6 nH and a capacitor with capacitance value of 330 nF were used as Lf and Cf. The output of the LC filter was supplied to the modified Zeta converter. Li, Lo, and Ci were charged through MOSFET acting as a switch. The modified Zeta converter was designed to operate in DICM, which demands a discontinuous current through Lo, even for the worst switching cycle. For this purpose, the value of Lo was chosen to be a much lower inductance compared to Li. It was set at 70 mH while the suitable value of input inductance is 3.3 mH, even at minimum voltage supply and maximum ripple current. An intermediate capacitor Ci with a capacitance value of 0.66 µF was used, as it is desired to have low ohmic and equivalent series resistance (ESR) for high frequency switching and surge currents. The DC link capacitor was charged through a diode. A 2200 µF capacitor was used as DC link capacitor Cdc, as a higher capacitance is required for reduced ripples on high current and switching frequency values. A voltage follower control was designed to control the output of the modified Zeta converter. The V was compared with the step signal acting as a reference voltage value that fed the PI controller’s error signal. The PI controller fed a control signal to the PWM generator with 5000 Hz switching frequency to generate pulses accordingly. The PWM generator pulses were fed to the MOSFET switch of the modified Zeta converter. The DC link output voltage was supplied to the VSI as an input. Six MOSFET switches were used to design the VSI. SVPWM triggered the MOSFET switches to produce the three-phase alternating output voltage. The output of the VSI was fed to the BLDC motor as a supply to the three-phase armature winding. The output parameters extracted from the BLDC motor were stator current of phase a (Is-a), rotor speed in radian per second further converted to revolutions per minute (RPM), and electromagnetic torque (Te) in Nm. The output parameters were connected to the scope for waveform display.
The speed output parameter of the BLDC motor was compared with the step input taken as a reference speed value to get an error signal, which was then fed to the PI controller. The PI controller produced a speed control signal, which was fed to the SVPWM generator as the magnitude of the reference vector. The output of the SVPWM generator was de-mux and supplied to respective switches. A sub-block of the PF calculator was used to calculate the power factor of input supply by taking the cosine of the phase difference in input current and voltage. Similarly, the PF of the output supply of the VSI was calculated, then both were compared in output scope. The RMS function blocks of Simulink were introduced to calculate the root mean square values of power factor across input and output. The real-time power factor values throughout the simulation were displayed across the scopes. A function block of THD was utilized across the input source current to calculate the distortion of the supply current. Here, the supply frequency was taken as 60°. The voltages and currents of the simulated model was connected to scope through GOTO tags. A Powergui block was inserted by setting the sample time to 0.5 µs to complete the simulation model. Figure 12 shows the MATLAB/Simulink model of the proposed idea.
[image: Figure 12]FIGURE 12 | MATLAB/Simulink model of the proposed idea.
The following assumptions were made for the simulation of the proposed concept.
1) The components used in the simulation model are considered ideal, so there are no losses, and output power is equal to the power supplied.
2) The inductors used in the design, Li and Lo, are considered ideal, with RLi = RLo = 0. It is assumed there is no saturation problem.
3) The inductors used in the model are considered ideal, with ESR = 0 for both Ci and Co
4) The switching period is considered negligible as compared to a time constant of charging and discharging.
5) The MOSFET switches are considered ideal, with no switching losses.
These five assumptions were taken into account when interpreting the results of the simulation.
6 RESULTS AND DISCUSSION
The results of the simulation model are shown in Figure 13–16. Figure 13 shows the PWM pulses, which were fed to the MOSFET, acting as a switch. The pulses were generated from the PWM generator block of Simulink. The pulses were generated based on duty cycle. The PI controller decided the duty cycle per the error signal generated by the reference and DC link voltages. The controller functioned to reduce the error signal by closed-loop single voltage sensor-based control. The PWM signal was generated to raise the voltage to the reference voltage applied. In the simulation, the reference voltage was set at 200 V. The voltage waveforms of the proposed idea are shown in Figure 14. The figure shows that the DC link voltage continued rising until it reached the desired value. Once the reference value was achieved, a fixed and fluctuation-free voltage was obtained. This constant ripple-free voltage is the key to the PFC based BLDC motor drive. It provided a constant DC link voltage, as shown in the voltage waveform of Figure 15. When fed to the VSI, this DC link voltage generated an output AC supply with increased PF. The output parameters of the BLDC motor drive are shown in Figure 16. The three-phase output from the VSI was attained when controlled by Hall sensors. The stator current of phase a is shown, which demonstrates the sinusoidal nature of the output power supply. The output phase voltage waveform of the VSI is shown in Figure 14, which is again sinusoidal. The speed of the BLDC motor in RPM is shown in Figure 16. The speed follows the reference speed provided. The electromagnetic torque of the BLDC motor is also shown. The output power factor is visible in this figure, which demonstrates the power factor improvement by the proposed scheme.
[image: Figure 13]FIGURE 13 | PWM pulses of BLDC motor drive.
[image: Figure 14]FIGURE 14 | Voltage waveforms of BLDC motor drive.
[image: Figure 15]FIGURE 15 | Current waveforms of BLDC motor drive.
[image: Figure 16]FIGURE 16 | Output parameters of BLDC motor drive.
Our data indicate that the PFC modified Zeta converter has excellent power factor correction capability. The PFC double boost converter technology is better than the boost converter, which has also improved the power factor and reduced the THD in current supply. The PFC modified Zeta converter topology provides a power factor of 0.981, which is better than other topologies, and a THD of only 9.81%, which is also the best among all three topologies. Additionally, both of these components of the power supply can be further improved by applying other soft computing techniques.
7 CONCLUSION
This research demonstrates the design and simulation testing of a PFC and THD reduction-based BLDC motor drive. The design is cost-effective and provides wide-range speed control. A modified Zeta converter was used to reduce the power quality problems created by the rectification process. It is modified to operate in DICM to get a constant DC link voltage. This configuration improves the power factor. A simple DC link voltage follower control is utilized for a modified Zeta converter. The DC link voltage fed to the VSI generates AC output, which then runs the BLDC motor. An SVPWM controlled electronic commutation was used for the BLDC motor drive. This reduces mechanical losses and sparking due to the absence of brushes. It also reduces electrical losses and distortions. The performance of the proposed drive configurations was evaluated using the MATLAB/Simulink environment. The PFC modified Zeta converter topology has produced the best power factor of 0.981, which is better than other current topologies. The THD, at 9.81%, is also the lowest of all three topologies, which demonstrates the significance of the proposed model for use in low power and low-cost applications.
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Existing configurations

Conventional boost AC/DC converter Tran (2012), Khalkhali et al. (2022)
Four-switch configuration of BLDC Mahendran (2013)
VSI fed by active rectifier Devices (2000)

PFC-based BLDC motor using a front-end Cuk converter Quan (2011)

Zeta converter Holtz et al. (1993), Martins (1996), Cheng (2000), Madani et al. (2002),
Gopalarathnam and Toliyat (2003), Rashid (2006), Niculescu et al. (2008), Singh and
Chaturvedi (2008), Singh and Singh (2010a), Singh and Singh (2010b), George et al.
(2012), Singh and Singh (2012), Vijayarajeswaran (2012)

Bridgeless buck and bridgeless boost converters Cheng (2000), Madani et al. (2002)

PEC bridgeless
Cuk, SEPIC converters Singh and Singh (2010a)

Problems with existing
configurations

‘This necessitates about 10 kHz-20 kHz high-switching frequency of the VSI for a
supportive operation, which eventually boosts the switching losses

This requires PWM switching. Thi
switching losses

involves four switches of VSI and leads to higher

Due to the use of a higher number of sensors and complex controls, this is an
expensive approach. For low-cost drives, it cannot be used

“This approach is used for a Cuk converter in which operation is CCM; for th
operation three sensors are used. Hence, this design is preferred in applications with
higher power rating not for those with lower power rating

A CCM operation requires two control loops. Hence, for speed control and PFC
operation it requires three sensors. This is not a cost-effective solution and not
preferred for low power rating

These suffer from a limited voltage conversion ratio and therefore cannot be used for
wide voltage control

it requires an additional gate drive transformer

A large number of components is used, therefore conduction losses are high
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